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Recent  approaches  to  the  problem  of  the  gamma-ray  laser  have  focused  upon 
upconversion  techniques  in  which  metastable  nuclei  are  pumped  with  long 
wavelength  radiation.  At  the  nuclear  level  the  storage  of  energy  can 
approach  tera-Joules  (10*^  J)  per  liter  for  thousands  cf  ye^r  s .  However, 
any  plan  to  use  such  a  resource  for  a  gnmma-ny  laser  poses  problems  of 
a  broad  interdisciplinary  nature* requiring  "•  >  Fusion  of  cc- tupts  t fkim 
(continued  next  page) 


20.  Abstract  (continued) 

from  relatively  unrelated  fields  of  physics.  Our  research  group  has 
described  several  means  through  which  this  energy  might  be  coupled  to  the 
radiation  fields  with  cross  sections  for  stimulated  emission  that  could 
reach  10'17  cm2.  Such  a  stimulated  release  could  lead  to  output  powers  as 
great  as  3  x  1021  Watts/liter.  Since  1973  we  have  pursued'an  approach.  i~> 
for  the  upconversion  of  longer  wavelength  radiation  incident  upon 
isomeric  nuclear  populations  that  can  avoid  many  of  the  difficulties 
encountered  with  traditional  concepts  of  single  photon  pumping.  Recent 
experiments  have  confirmed  the  general  feasibility  and  have  indicated 
that  a  gamma-ray  laser  is  feasible  if  the  right  combination  of  energy 
levels  and  branching  ratios  exists  in  some  real  material.  Of  the  1886 
distinguishable  nuclear  materials the  present  state-of-the-art  has  been 
adequate  to  identify  29  first-class  candidates^  but  further  evaluation 
cannot  proceed  without  remeasurements  of  nuclear  properties  with  higher 
precision.  A  laser-grade  database  of  nuclear  properties  does  not  yet 
exist,  but  .-the  techniques  for  constructing  one  have  been  developed  under 
this  contract  and  are  now  being  utilized.  Resolution  of  the  question  of 
the  feasibility  of  a  gamma-ray  laser  now  rests  upon  the  determination  of: 

1)  the  identity  of  the  best  candidate,  2)  the  threshold  level  of  laser 
output,  and  3)  the  upconversion  driver  for  that  material. 

;This  eu-ar-ter's  report  focuses  upon  continued  development  of  one  of  the 
new  technologies  being  developed  for  the  screening  of  the  laser  candi¬ 
dates.  It  is  the  nuclear  analog  of  the  optical  double  resonance  methods 
which  produced  much  of  the  database  at  the  molecular  level  that  was  of 
such  essential  use  in  the  development  of  conventional  lasers.  Applied 
most  recently  to  the  study  of  levels  which  might  be  used  in  dumping 
isomeric  populations  into  freely  radiating  states,  it  produced  an 
unexpected  result  of  major  importance.  In  several  test  isotopes,  a  class 
of  extremely  useful  states  was  discovered  that  could  radiatively  couple 
to  both  normal  and  isomeric  states  of  a  nucleus.  ... 

The  achievements  of  this  quarter  have  a  clear  significance.  Two  strong 
mechanisms  were  demonstrated  for  the  elusive  "interband  transfer"  of 
nuclear  populations.  As  many  as  four  quanta  of  angular  momenta  were 
transferred  by  an  intense  pulse  of  x-rays  used  to  pump  nuclei  from  the 
inicial  to  the  fluorescent  state  with  integrated  cross  sections  that 
varied  from  10  to  10,000  on  the  scale  in  which  unity  results  in  a  large 
yield.  One  technique  funneled  population  through  a  level  of  mixed  single 
particle  states,  and  the  other  utilized  a  funneling  level  at  the  head  of 
a  complex  cascade  to  the  fluorescent  level.  Both  considerably  strengthen 
the  probabilities  that  a  suitable  candidate  for  a  gamma- ray  laser  exists 
in  reality. 
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The  nuclear  analog  of  the  ruby  laser  embodies  the  simplest  concepts 
for  a  gamma-ray  laser.  Not  surprisingly,  the  greatest  rate  of  achieve¬ 
ment.  in  the  quest  for  a  subAngstrom  laser  has  developed  in  that  direc¬ 
tion 

The  past  fiscal  year  saw  the  major  milestone  demonstration  of 
substantial  amounts  of  nuclear  fluorescence  pumped  by  flash  x-rays. 
Proving  our  concept  of  bandwidth  funneling,  we  achieved  eleven  orders  or 
magnitude  more  output  than  could  have  been  obtained  by  pumping  the 
fluorescent  level  directly.  In  the  first  quarter  of  FY-87,  we  showed  a 
scale-up  of  fluorescence  intensities  when  demonstration  targets  were 
pumped  with  x-rays  from  a  nuclear  simulator.  Funneled  outputs  increased 
linearly  with  input  for  another  four  orders  of  magnitude,  showing  no 
evidence  of  detrimental  saturation  or  loss  of  efficiency.  In  this 
second  quarter  of  FY-87  scientific  momentum  has  continued  along  this 
line  and  has  resulted  in  another  notable  achievement.  It  has  been  shown 
that  intense  x-rays  were  able  to  create  and  destroy  large  amounts  of 
angular  momenta  possessed  by  the  nuclei  being  pumped. 

Nuclei  to  be  used  in  the  analog  of  the  ruby  laser  can  start  in 
either  ground  or  isomeric  states.  In  addition  to  the  obvious  need  to 
transfer  energy  in  order  to  reach  the  fluorescence  level  to  be  populated 
for  lasing,  there  must  also  be  a  substantial  transfer  of  angular 
momentum.  Last  year's  major  breakthrough  proved  that  the  energy  could 
be  transferred,  and  now  in  this  quarter  we  report  chat  the  angular 
momentum  can  be  pumped  in  amounts  as  large  as  AJ  —  3,  and  even  AJ  ~  4  . 
The  integrated  cross  sections  for  the  excitation  of  fluorescence  in  such 
cases  as  167Er  and  191Ir  were  found  to  be  as  large  as  had  been  reported 
for  other  species  in  which  AJ  -  1 .  This  is  extremely  important  as  a 
contrast  with  the  depressingly  negative  results  from  attempts  to 
cransfer  AJ  -  3  in  a  more  complicated  scheme  pursued  elsewhere  .Ve  find 
chat  large  amounts  of  angular  momentum  can  be  transferred  to  a  nucleus 
by  "optically  pumping"  with  x-rays  through  an  appropriate  tunneling 
process.  A  detailed  review  of  the  data  and  analyses  are  found  in  one  of 
the  several  manuscripts  following. 

Continuing  the  preparation  of  this  report  as  an  "in-house"  journal, 
this  series  presents  material  to  reflect  the  individual  contributions  of 
the  teams  of  research  faculty  and  graduate  students  involved  in  these 
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phases  of  Che  research.  In  this  regard  I  wish  co  thank  all  our  staff 
for  their  splendid  efforts  in  supporting  the  preparation  of  those 
manuscripts  to  a  rather  demanding  timetable. 

■  C.  B.  Collins 
m  Director 

■  Center  tor  Quantum  Electronics 
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INTRODUCTION 


Levels  of  nuclear  excitation  which  might  be  efficiently  stimulated 
in  a  gamma- ray  laser  are  very  difficult  to  pump  directly.  To  have 
sharply-peaked  cross  sections  for  stimulated  emission,  such  levels  must 
have  very  narrow  widths  for  interaction  with  the  radiation  field.  This 
is  a  fundamental  attribute  that  has  led  to  the  facile  criticism  that 
"absorption  widths  in  nuclei  are  too  narrow  to  permit  effective  pumping 
with  x-rays." 

The  same  concerns  were  voiced  in  atomic  physics  before  Maiman's 
great  discovery,  and  it  has  been  useful  to  pursue  this  analogy  between 
ruby  and  gamma-ray  lasers.  Identification  and  exploitation  of  a 
bandwidth  funnel  in  ruby  were  the  critical  keys  in  the  development  of 
the  first  laser.  There  was  a  broad  absorption  band  exciting  a  state  of 
Cr3*  which  quickly  decayed  by  cascading  its  population  into  levels  of 
lower  energy.  A  reasonably  favorable  pattern  of  branching  insured  that 
much  of  the  cascading  populated  the  narrow  level.  At  the  core  of  our 
simplest  proposal1  for  pumping  a  gamma-ray  laser  is  the  use  of  the 
analog  of  this  effect  at  the  nuclear  level  as  shown  in  Fig.  1.  A 
detailed  analysis  of  this  option  was  reviewed  in  the  previous  quarterly 
reports2*3  together  with  the  breakthrough  report  actually  demonstrating 
the  great  utility  of  bandwidth  funneling  at  the  nuclear  level.  Yields 
of  gamma -ray  fluorescence  in  “"^Se  and  ^Br  were  enhanced  by  eleven  orders 
of  magnitude  by  this  effect.4 

Also  shown  in  Fig.  1  is  a  further  refinement  of  the  incoherent 
pumping  scheme  benefiting  from  upconversion.  As  has  been  often  dis¬ 
cussed5-6  upconversion  as  shown  in  Fig.  lc  has  many  advantages.  Most 
prior  reports  have  emphasized  those  tending  to  enhance  performance  and 
efficiencies;  however,  upconversion  also  makes  threshold  itself  much 
more  accessible.  Higher  energy  isomers  need  less  pump  energy  to  reach 
the  broad  collective  states  that  would  optimize  bandwidth  funneling,  and 
the  required  pump  energies  can  fall  in  the  range  where  strong  x-ray 
lines  may  be  found  to  concentrate  the  spectral  intensity. 

At  first  seeming  to  temper  the  strong  advantages  of  upconversion  is 
a  concern  for  the  conservation  of  angular  momenta.  In  the  simplest 
perceptions,  radiative  transitions  are  expected  to  exchange  no  more  than 
unit  quanta  of  angular  momenta  with  the  fields.  At  this  level  of 
understanding,  it  would  be  unlikely  that  Jf  in  Fig.  lc  could  differ  from 


Jj  by  more  than  2K.  Most  of  the  isomeric  states  derive  their  long 
lifetimes  for  the  storage  of  excitation  energy  from  the  larger  differ¬ 
ences  in  angular  momenta  they  would  have  to  transfer  to  reach  the  ground 
state.  A  common  occurrence  is 

\J\  -  J0I  *  4  ,  (1) 

for  the  candidate  isomers  for  a  gamma- ray  laser.  Then,  in  this  simplis¬ 
tic  view  the  fluorescent  level  should  have 

|Jf  -  J0I  *  2  ,  (2) 


Two  Three  Three  Level  with 

Level  Level  Upconversion 
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Figure  1:  Schematic  representation  of  the  energetics  of  che 
priority  schemes  for  pumping  a  gamma- ray  laser  with  flash 
x-rays.  The  large  width  of  the  level  defining  the  pump  band 
is  implied  by  the  height  of  the  rectangle  representing  che 
level,  and  che  shaded  portion  indicates  that  fraction  b0  which 
is  attributed  to  the  transition  to  the  upper  laser  level. 
Angular  momenta  of  the  ground,  isomeric,  and  fluorescent 
levels  are  denoted  by  J0,  J; ,  and  Jf,  respectively.  ■ 

(a)  Traditional  two- level  approach . 

(b)  Three- level  analog  of  the  ruby  laser  serving  to  illustrate 
the  important  concept  of  bandwidth  funneling . 

(c)  Refinement  of  the  three- level  scheme  which  incorporates 
upconversion  in  order  to  lessen  che  energy  per  photon  which 
must  be  supplied  in  the  pumping’  step. 
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and  so,  Itself,  might  have  too  long  a  lifetime  ru  to  be  usable  in  a 
laser.  At  a  finer  level  of  perception,  many  factors  can  be  seen  to 
remedy  the  situation.  Two  particularly  effective  ones  have  been 
demonstrated  during  this  most  recent  quarter. 

Many  of  the  interesting  isomers  belong  to  nuclei  deformed  from  the 
normally  spherical  shape.  For  those  systems,  there  is  an  additional 
quantum  number  of  dominant  importance,  K,  the  projection  of  individual 
nucleonic  angular  momenta  upon  the  axis  of  elongation.  To  this  is  added 
the  collective  rotation  of  the  nucleus  to  obtain  the  total  angular 
momentvn  J.  The  resulting  system  of  energy  levels  resembles  those  of  a 
diatomic  molecule  for  which 

EX(K,J)  -  EX(K)  +  BXJ  ( J+l )  ,  (3) 


where 


J  >  K  £  0  (4) 

and 

J  -  1*1  .  | K |  +1 ,  |  K|  +2 .  (5) 

In  these  expressions  Bx  is  a  rotational  constant,  and  EX(K)  is  the 
lowest  value  for  any  level  in  the  resulting  "band"  of  energies  identi¬ 
fied  by  other  quantum  numbers  x.  For  such  systems  it  becomes  much 
easier  to  satisfy  the  restrictions  on  AJ  because  of  the  possibility  of 
intraband  transitions  occurring  during  the  cascade  to  the  fluorescence 
level.  However,  a  new  problem  arises  from  restrictions  upon  41'.. 

For  the  deformed  nuclei,  the  Jy  in  Fig,  1  must  be  replaced  by 
where  y  denotes  i,  f,  or  o .  Then,  the  analogous  concerns  and  con¬ 

straints  upon  K  must  also  be  satisfied  during  interactions  with  the 
radiation  field.  In  most  cases  of  interest  it  is  the  condition 

|Kj  -  KJ  >  4  ,  (6) 

that  makes  an  actual  laser  candidate  isomeric.  For  perfectly  pure 
quantum  states  of  the  deformed  nuclei,  we  would  not  expect  bandwidth 
funneling  to  transfer  effectively  more  than  AK  -  2  in  the  two  steps 
shown  in  Figs,  (lb)  or  (lc). 
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Figure  2:  Arrows  identify  the  nuclear  component  of  the  spec¬ 
trum  of  fluorescence  of  Er^O^  in  comparison  with  model  predic¬ 
tions  based  upon  pure  states  whose  nuclear  parameters  were 
taken  from  the  extant  database .  Data  were  obtained  from  a 
single  irradiation  of  2.8  g  of  Er 203  in  natural  isotopic 
abundance  with  about  2016  keV/keV  of  bremsstrahlung  from  the 
DNA/PITHON . nuclear  simulator . 


One  key  to  realizing  larger  transfers  of  the  critical  K-projection 
is  to  avoid  systems  afflicted  with  a  high  purity  of  single  particle 
states.  Figure  2  shows  fluorescence  from  the  K  -  1/2"  level  of  167Er 
pumped  from  the  ground  K  -  7/2*  by  an  intense  flash  of  bremsstrahlung. 
Shown  there  is  the  yield  expected  theoretically  from  bandwidth  funneling 
through  the  pure  states  whose  properties7  are  known  to  require  |AK|  -  2 
in  the  cascading  step.  The  intensity  actually  radiated  was  measured  to 
be  1700%  in  excess  of  theory  as  shown  in  Fig.  2.  Evidence  is  discussed 
in  the  following  manuscript  that  this  drastic  increase  in  yield  results 
from  bandwidth  funneling  through  a  mixed  state  with  finite  probabilities 
for  having  both  K  -  1/2"  and  K  -  5/2".  The  pumping  to  this  mixed  level 
would  occur  from  the  1/2*  ground  state  to  the  5/2"  component,  while 
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cascading  Co  the  1/2'  fluorescent  level  would  proceed  from  Che  1/2' 
component.  In  the  first  seep  |AK|  -  1  while  |AK|  -  0  in  Che  second; 
neither  is  hindered  by  an  excessive  |AK| . 

Just  such  a  mixed  state  of  167Er  was  proposed8  in  1971.  The 
1/2* [510]  Nilsson  state  for  the  odd  neutron  was  supposed  to  be  mixed 
with  the  5/2'  ( 512  ]  by  a  collective  quadrupole  vibration  of  the  core  of 
Che  nucleus.  Such  a  vibration  is  a  perturbation  of  the  Hamiltonian  for 
which  K  is  conserved  in  pure  stationary  states,  so  the  mixing  of  states 
with  K  differing  by  two  is  not  surprising.  However,  until  the  present 
emphasis  was  placed  upon  our  nuclear  experiments  analogous  to  the 
optical  double  resonance  methods,  such  a  sensitive  test  for  the  degree 
of  mixing  had  not  been  performed  upon  the  167Er  system.  Other  indica¬ 
tions  of  mixing  had  been  obtained  from  particle  reactions,  and  the 
entire  question  is  now  being  restudied  with  an  intent  to  guide  systemat¬ 
ic  studies  designed  to  determine  the  frequency  of  occurrence  and 
energetics  of  such  usefully  mixed  states. 

For  a  simple  figure-of -merit  it  seems  the  question  to  ask  is  how 
large  can  be  the  transfer  of  J  or  K  before  the  integrated  cross  section 
for  the  process  is  reduced.  In  subsequent  manuscripts  it  will  be  shown 
that  currently  AJ  -  4  can  be  optically  pumped  through  the  tunneling 
process  with  no  noticeable  loss  of  efficiency.  The  nuclei  at  this 
current  frontier,  179Hf,  191Ir,  and  197Au,  may  be  benefiting  either  from 
bandwidth  tunneling  through  a  mixed  state,  the  process  for  which  167Er  is 
the  archetype,  or  from  a  complexity  of  the  cascade  from  the  pumped  state 
to  the  fluorescent  level.  This  latter  is  the  second  of  the  processes 
demonstrated  this  quarter  for  pumping  large  changes  in  angular  momentum. 
The  important  consequence  is  that  complex  cascades  can  be  pumped  while 
maintaining  viable  branching  ratios  both  to  the  initial  and  fluorescent 
levels . 


In  real  nuclei,  the  shortest  lifetimes  and  greatest  widths  are 
found  for  spurious  states  of  collective  excitation  of  nucleons.9 
Instead  of  a  single  nucleon  generating  the  transition  moment  coupling  to 
the  radiation  field,  for  these  states  a  collective  oscillation  of  a 
number  of  core  nucleons  contributes  a  much  larger  transition  moment. 
Moreover ,  there  4s  the  general  characteristic  that  the  larger  the 
excitation  energy  at  which  this  or  any  other  type  of  funnel ing  state  is 
found,  the  larger  is  the  width  over  which  pump  continua  can  be  absorbed. 
As  a  conse  uence ,  there  is  an  instinctive  desire  to  incorporate  as 
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highly  excited  a  state  as  possible  into  funneling  schemes  for  pumping  a 
gamma-ray  laser.  The  quantitative  concern,  then,  is  whether  the  useful 
width  increases  with  excitation  energy  in  sufficient  strength  to  offset 
other  negative  aspects  of  a  more  highly  excited  transfer  level. 

In  resolving  concerns  as  to  the  quantitative  boundaries  on  the 
efficacy  of  funneling  through  long  cascades  from  highly  excited  levels, 
it  is  important  to  be  able  to  relate  the  fluorescent  yield  seen  in  the 
output  transition  to  the  nuclear  parameters  critical  to  the  schemes  of 
Fig.  1.  The  general  controversy  surrounding  such  computations  of  yield 
has  been  recently  resolved10  both  theoretically  and  experimentally.  For 
a  sample  which  is  optically  thin  at  the  pump  wavelength,  the  number  of 
nuclei  produced  in  the  levels  of  Figs,  lb  and  lc  from  which  the  fluores¬ 
cence  will  be  radiated  over  the  lifetime  ru  is  given  by 


S  -  N 


E 


(*^<,0.172), 


*<Ej) 


(7) 


i  H 

where  N  is  the  number  of  absorbing  nuclei  in  the  sample,  and  the 
summation  is  taken  over  the  properties  and  pump  energy  E( .  Only  one 
such  pump  band  is  shown  in  the  schemes  of  Fig.  1,  but  there  could  be 
several  at  different  E< ,  each  funneling  its  population  into  the  same 
output  level. 

In  Eq .  (7)  the  first  ratio  in  the  summation  is  composed  of  the 

nuclear  parameters,  while  the  second  describes  the  intensities  of  the 
pump  x-rays  which  are  assumed  to  be  continuous,  at  least  without 
structure  on  the  fine  scale  of  the  nuclear  absorption.  In  particular, 
the  combination  b(E()/A  is  the  spectral  fluence  at  the  energy  E(  in 
units  of  keV/keV/cm2.  Tacitly,  it  has  been  assumed10  that  the  duration 
of  the  pump  source  is  less  than  the  fluorescence  lifetime  ru. 

Of  the  nuclear  parameters,  T  is  the  natural  width  in  keV  of  the 
i-th  pump  band,  as  shown  in  Fig.  1, 


r  -Ji/r. 


(8) 


and  the  branching  ratios,  ba  and  b0,  give  the  probabilities  for  the 
decay  of  the  broad  level  back  into  the  initial  and  fluorescence  (laser) 
level,  respectively.  The  pump  energy  E,  is  in  keV ,  and  a0  is  the 
Breit-Wigner  cross  section  for  the  absorption  transition, 
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A2  2I.+1  1 

- -  -  .  (9) 

2*  2I,+1  ap+l 

where  A  Is  the  wavelength  In  cm  of  the  gamma  ray  at  the  resonant  energy 
Ef ;  I.  and  Ig  are  the  nuclear  spins  of  the  excited  and  ground  states, 
respectively;  and  ap  is  the  total  internal  conversion  coefficient  for 
the  two- level  system  shown  in  Fig.  la. 

Equation  (7)  is  the  basic  expression  for  evaluating  the  number  of 
fluorescent  nuclei  produced  by  either  of  the  two  schemes  of  Fig.  1  that 
can  benefit  from  bandwidth  funneling.  The  numerator  of  the  first  term 
of  Eq.  (7)  is  usually  termed  the  integrated  cross  section  for  the 
photoexcitation  of  the  fluorescent  level  from  the  initial  state.  It  is 
convenient  to  discuss  this  quantity  in  units  of  10*29  cm2  keV.  On  this 
scale,  unity  would  describe  a  funneling  process  of  strength  sufficient 
to  give  the  clear  level  of  nuclear  fluorescence  described  in  the  major 
milestone  report2  from  a  few  grams  of  material  pumped  with  a  source  of 
laboratory  scale.  For  example,  the  excitation  of  isomeric  ^Se  is 
mediated  by  funneling  transitions  whose  strengths  total  to  the  order  of 
unity  (x  10"29  cm2  keV)  for  excitation  energies  below  1  MeV. 

Variability  of  the  integrated  cross  section  is  contributed  mostly 
by  the  product  of  branching  ratios  and  level  widths,  (bab0D ,  indicated 
schematically  by  the  shaded  and  unshaded  portions  of  the  funneling 
levels  in  Fig.  1.  While  it  has  been  clear  from  the  beginning  that 
broader  funneling  levels  could  be  found  at  higher  excitation  energies, 
the  concern  persisted  that  the  increase  in  width  might  be  associated 
only  with  a  stronger  transition  to  the  ground  state  so  chat  the  branch¬ 
ing  ratio  to  the  fluorescent  level,  b0,  would  decrease  as  T  increased. 
This  situation  is  shown  schematically  in  Fig.  3a  by  the  funneling  levels 
denoted  #1  and  #2.  The  resulting  insensitivity  of  the  integrated  cross 
section  to  the  excitation  energy  of  funnel  state  #2  is  shown  by  the 
dashed  curve  in  Fig.  3b.  The  converse  possibility  is  typified  by  funnel 
#3  in  Fig.  3a,  where  it  is  assumed  that  branching  ratios  are  little 
affected  between  #1  and  #3.  In  that  case,  the  integrated  cross  section 
would  increase  drastically  with  increases  in  excitation  energy  of  the 
funneling  level,  as  shown  by  the  solid  curve  of  Fig.  3b, 
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Figure  3:  (a)  Left:  Schematic  representation  of  the  energet¬ 
ics  of  the  nuclear  analog  to  the  ruby  laser  for  excitation 
through  several  possible  funneling  states  subject  to  differ¬ 
ent  model  assumptions .  Branchings  of  the  decay  back  to  ground 
and  to  the  cascade  leading  to  the  isomer  are  indicated  by  the 
unshaded  and  shaded  portions,  respectively ,  of  the  rectangle 
representing  the  funneling  state. 

(b)  Right:  Graph  of  the  dependence  of  the  locLi  of  the  inte¬ 
grated  cross  section  for  photoexcitation  of  the  isomer  through 
the  funneling  states  shown  in  the  left  panel  as  functions  of 
the  possible  excitation  energies  of  che  gateway  ( funneling ) 
state.  Solid  and  dashed  curves  contrast  the  functional  depen¬ 
dences  expected,  respectively ,  when  the  branching  ratio  is 
largely  unaffected  by  the  excitation  energy  and  conversely , 
when  che  excitation  transition  contributes  most  of  the  width 
to  the  funneling  state  so  that  the  branching  ratio  to  the 
Isomer  decreases  as  che  level  width  Increases. 


A  second  major  achievement  of  this  reporting  period  was  the  experi¬ 
mental  measurement  of  integrated  cross  sections  conforming  to  the  solid 
curve  of  Fig.  3b.  Preliminary  analysis11  of  the  mass  of  data  obtained 
in  the  June  series  of  experiments  with  the  DNA/PITHON  nuclear  simulator 
showed  that  at  1005  keV  a  funneling  state  could  be  excited  in  ^Se  with 
an  integrated  cross  section  of  30  in  the  usual  units  (x  10'29  cm2  keV) . 
Reported  in  a  following  manuscript  is  a  further  interpretation  of  more 
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of  that  data12  which  shows  that  in  191Ir  the  cross  section  for  excitation 
of  the  isomer  exceeds  40  between  1.0  and  1.4  MeV.  Shown  in  Fig.  4  is 
the  newest  data  we  obtained  in  the  September  series  of  experiments  at 
the  University  of  Texas  Southwestern  Medical  Center  at  Dallas,  in  which 
nuclear  targets  were  pumped  with  bremsstrahlung  from  their  6  MeV  linear 
accelerator.  Of  particular  interest  in  the  context  discussed  here  is 
the  fluorescence  line  at  337  keV  from  115™In  that  was  obtained  by  pumping 
2.2  g  of  natural  indium  with  a  time  - integrated  fluence  of  the  order  of 
1.8  x  10u  keV/keV/cm2.  The  yield  seen  in  Fig.  4  proves  the  integrated 
cross  section  to  be  of  the  order  of  10,000  (x  10*29  cm2  keV)  for  excita¬ 
tion  of  the  AJ  -  4  transition  to  the  fluorescence  level  through  a 
tunneling  state  having  an  excitation  energy  between  1  and  5  MeV. 
Clearly  there  are  some  cases  following  the  solid  curve  of  Fig.  3b. 


ASSUMED  GATEWAY  ENERGY  (MeV) 


Figure  4:  Plot  of  the  envelope  of  the  integrated  cross  sec¬ 
tion  measured  for  the  reaction  115In(7  ,7' )  115mIn  as  a  function 
of  the  value  assumed  for  the  first  7  transition  to  the  gateway 
state  . 


M00014-86-C-248B 
JTD  >24522-964 


Contained  in  this  quarterly  report  are  details  of  the  September 
experiments  on  the  linear  accelerator.  Other  manuscripts  describe  the 
final  recapitulation  of  the  concerns  and  procedures  for  the  use  of  the 
x-ray  activation  of  nuclei  (XAN)  to  calibrate  large  impulsive  sources  of 
bremsstrahlung  and  the  detailed  reconciliation  of  the  integrated  cross 
sections  for  excitation  of  115mIn  and  111mCd  chat  were  needed  in  the 
calibration  activity. 

The  achievements  of  this  quarter  have  a  clear  significance.  Two 
strong  mechanisms  have  been  demonstrated  for  the  elusive  "interband 
transfer"  of  nuclear  populations.  As  many  as  four  quanta  of  angular 
momenta  can  be  transferred  by  an  intense  pulse  of  x-rays  used  to  pump 
nuclei  from  the  initial  to  the  fluorescent  state  with  integrated  cross 
sections  that  vary  from  10  to  10,000  on  the  scale  in  which  unity  results 
in  a  large  yield.  One  technique  funnels  population  through  a  level  of 
mixed  single  particle  states,  and  the  other  utilizes  a  funneling  level 
at  the  head  of  a  complex  cascade  to  the  fluorescent  level.  Both 
considerably  strengthen  the  probabilities  that  a  suitable  candidate  for 
a  gamma-ray  laser  exists  in  reality. 


1. 


Both  the  dressed  state  (coherent)  scheme  and  the  flash  x-ray 
(incoherent)  pumping  techniques  still  appear  feasible  just  as  we 
originally  proposed  in  C.  B.  Collins,  F.  W.  Lee,  D.  M.  Shemwell,  B. 
D.  DePaola,  S.  Olariu,  and  I.  I.  Popescu,  J.  Appl.  Phys .  53 .  4645 
(1982).  However,  the  latter,  being  simpler,  is  developing  at  a 
more  dramatic  rate. 
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OPPORTUNITIES  FOR  NUCLEAR  ACTIVATION 

by  C.  B.  Collins,  J.  M.  Carroll,  and  J.  A.  Anderson 


Recent  manuscripts1-2  have  reported  how  effectively  the  technique  of 
X-Ray  Activation  of  Nuclei  (XAN)  can  be  used  to  calibrate  the  spectral 
intensities  found  in  a  single  pulse  of  intense  bremsstrahlung.  Essen¬ 
tial  to  determining  the  pump  intensities  used  in  schemes  for  exciting  a 
gamma-ray  laser, XAN  has  also  been  validated  as  a  means  of  calibrating 
nuclear  simulators. 

As  currently  implemented,  three  isotopes,  ^Se,  ^Br,  and  115In,  are 
used  to  sample  narrow  spectral  slices  of  the  fluence  illuminating  a 
target.  Information  is  stored  as  isomeric  excitations  to  be  "read  out" 
later.  With  three  isotopes,  XAN  accommodates  measurements  at  three 
photon  energies,  433,  761,  and  1078  keV. 

The  key  to  the  development  of  that  technique  was  the  use  of  a  large 
number  of  shots  to  activate  test  samples  in  order  to  resolve  experimen¬ 
tally  the  level  of  self-consistency  among  values  of  basic  nuclear 
parameters  in  the  current  database.4  Five  of  six  critical  parameters 
for  these  three  isotopes  were  found  to  be  consistent^  and  the  sixth  was 
repaired.  Lest  this  give  a  false  sense  of  security  in  the  use  of  the 
existing  database  for  the  description  of  other  laser  -  re lated  processes, 
it  must  be  recognized  that  these  three  materials  were  chosen  because  it 
appeared  a  priori  that  they  were  the  materials  most  precisely  character¬ 
ized  by  the  study  of  particle  reactions  reported  in  the  literature.  The 
resulting  score  of  83%  for  consistency  shoul  be  considered  representa¬ 
tive  of  only  the  very  best  group  of  test  nuclei.  Fortunately,  the  level 
of  consistency  was  this  high,  or  XAN  could  not  have  been  validated  in  a 
practical  ntimber  of  test  shots. 

The  next  logical  step  would  be  to  add  more  isotopes  to  the  calibra¬ 
tion  target  in  order  to  improve  both  resolution  and  coverage,  and  a 
number  of  candidates  suggest  themselves.  During  the  same  series  of 
experiments  on  the  PITHON  nuclear  simulator  during  which  sel f - cons i s ten  - 
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cy  of  the  basic  three  was  demons  traced,  29  other  isotopes  were  irradiat¬ 
ed  in  a  survey  mode.  Four,  167Er,  179Hf,  191  Ir,  and  197Au,  were  found  to 
be  particularly  promising  and  others  were  certainly  interesting.  The 
opportunity  for  using  those  four  to  add  four  more  energies  to  the  list 
for  which  XAN  is  applicable  was  discussed6  in  the  previous  quarterly 
report.  Unfortunately,  of  the  ten  nuclear  parameters  of  importance,  ac 
lease  five  accepted  values  were  found  to  be  drastically  erroneous .  An 
error  rate  in  excess  of  50%  for  this  part  of  the  nuclear  database, 
coupled  with  the  lack  of  foreknowledge  of  which  of  the  materials  should 
have  borne  greatest  scrutiny,  resulted  in  insufficient  data  to  extract 
the  self-consistent  parameters  needed  for  the  application  of  XAN  at  four 
additional  energies.  Nevertheless,  partial  analysis  of  the  data  for 
these  four  species  was  both  interesting  and  provocative.  Those  results 
are  reported  again6  here,  together  with  the  analyses  of  additional  data 
taken  during  this  most  recent  quarter  with  our  own  e-beam  accelerator, 
APEX- I . 

In  the  case  of  167Er  these  extensions  of  the  fluorescence  experi¬ 
ments  have  been  particularly  effective,  allowing  us  to  find  a  new 
gateway  state  of  major  importance.  However,  Che  greatest  significance 
lies  in  the  lesson  taught  by  the  unexpected  strength  of  the 
167£rC7 ,7' j167mEr  reaction .  Evidently,  interband  transfers  of  population 
occur  with  much  greater  probability  than  allowed  by  the  restrictive 
K-selection  rules,  which  are  often  considered  of  paramount  importance. 
The  results  of  this  work  support  the  hypothesis  that  strong  channels  for 
(7,7')  reactions  connecting  isomers  to  ground  states  may  arise  through 
levels  for  which  the  angular  momentum  projection  K  is  not  a  conserved 
quantity  because  of  core  vibrations. 

Methods 


In  a  previous  report1*2  it  was  shown  that  the  uncertainty  in  the 
absolute  value  of  the  geometric  coefficient  coupling  the  source  of  pump 
radiation  to  the  absorbing  target  could  be  eliminated  by  normalizing 
boch  the  pump  fluence  and  the  fluorescence  counts  to  some  standard 
material  having  a  monochromatic  excitation  spectrum.  The  reaction 
79Br(  761 , 7'  j^Br  was  found  to  be  an  ideal  standard,  having  an  integrated 
cross  section  of  6.2  x  10'29  cm2  keV.  Following  the  formalism  reported 
earlier,  the  number  of  isomeric  nuclei,  S(x),  of  material  x  which  could 
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be  excit  d  by  a  flash  of  intense  bremsstrahlung  can  be  conveniently 
expressed1  as  a  ratio, 

S(x)/N(x)  *E(x) 

R(model)  -  -  -  >  -  f(E)  ,  (1) 

S(Br)/N(Br)  Nodel  ^£761(Br) 

where  S(x)  and  N(x)  are  the  number  of  nuclei  produced  and  the  number  of 
target  nuclei  of  material  x,  respectively;  f(E)  is  the  ratio  of  pumping 
intensity  at  E  keV  to  the  intensity  at  761  keV ;  and  the  <E(x)  are  the 
combinations  of  nuclear  parameters  involved  in  the  excitation  of  the 
gateway  level  at  energy  E, 

(*b4b0<70r/2)E 

*e<*>  "  -  (2) 

E 

The  collection  of  terms  in  parenthesis  in  Eq.  (2)  comprises  the  inte¬ 
grated  cross  section  for  excitation  as  usually  reported.  They  are 
summarized  in  Table  I  for  the  nuclei  whose  energy  levels  are  found  in 
Figs.  1  and  2. 

The  source  of  excitation  in  the  initial  experiments  was  the 
bremsstrahlung  produced  by  the  PITHON  nuclear  simulator  at  Physics 
International.  The  nominal  end  point  energy  of  the  electrons  producing 
the  bremsstrahlung  was  1.3  KeV  with  relatively  small  shot-to-shot 
variance.  For  those  particular  experiments  the  nominal  firing  parame¬ 
ters  were  deliberately  perturbed  so  that  successive  irradiations  could 
be  obtained  with  end  poinc  energies  varying  from  0.9  to  1.5  !'eV. 

Intensities  at  the  target  were  determined  bv  measuring  the  nuclear 
activation  of  the  ^Br  component  of  a  sample  zf  l.iHr  containing  isotopes 
in  natural  abundance.  This  calibrating  tare,’  :  was  run  in  a  pneumatic 
transfer  system  which  enabled  the  population  of  79mBr  produced  by  a 
single  irradiation  to  be  subsequently  counted  at  a  quiet  location  10  m 
removed  from  the  source.  Activation  lost  during  the  1.0  s  transit  time 
could  be  readily  corrected  during  analysis. 

The  sample  material  x  was  placed  in  a  second  pneumatic  shuttle  and 
transferred  after  irradiation  to  a  N'al(Tl)  well  counter.  The  analyzer 
system  was  capable  of  simultaneously  producing  a  record  of  counting  rate 
as  a  function  of  time,  together  with  the  spectrum  as  a  function  of 
energy,  In  that  way  both  the  decay  spectrum  and  the  lifetime  of  the 
activation  could  be  obtained  in  a  single  experiment. 
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Table  I 

Summary  of  literature  values  for  nuclear  parameters  important  to  the 
excitation  of  isomeric  fluorescence.  These  were  not  confirmed  by  the 
results  of  this  experiment. 


Nuclide 

Ref. 

^oot 

(keV) 

Ein 

(keV) 

*b#b0oor/2 

(  x  10'29  cm2  keV) 

167Er 

Ref.  7 

207 

532 

0.074 

667 

0.036 

745 

0.49 

179Hf 

a 

214* 

650 

0.057 

830 

0.082 

1030 

0.25 

1160 

0.22 

1400 

2.0 

i”lr 

Ref.  4 

129** 

659 

0.037 

197Au 

Ref.  4 

279*** 

No  known 

levels 

•cascading  from  the  isomer  at  375  keV 
••cascading  from  the  isomer  at  171  keV 
•••cascading  from  the  isomer  at  409  keV 

a.  E.  A.  Henry,  Nuc .  Data  Sheets  JLZ.  287  (1976).  In  contrast  to  the 
other  data  shown  here,  these  are  experimentally  determined  values.  Note 
that  they  do  not  correspond  to  individual  levels  in  Fig.  2. 


Figure  1:  (opposite)  Energy  Level  diagram  of  Che  spheroidal 
nucleus  167£r  showing  a  band  s  true  cure  reminiscent  of  che 
energy  levels  of  diatomic  molecules.  Each  column  shows  the 
ladder  of  rotational  levels  built  upon  che  single  particle 
state  whose  Nilsson  quantum  numbers  given  by  Ref.  4  are  shown 
in  the  box  at  che  top  of  that  column.  Transitions  to  the 
isomeric  state  chat  are  listed  in  Ref.  4  are  shown  by  che 
arrows.  branching  ratios  are  shown  in  boxes  for  evo  principal 
transitions  for  the  (i.y')  channels  expected  to  be  important 
in  this  work.  Dotted  levels  plot  energies  of  higher  members 
of  known  bands  from  rotational  constants  determined  from  the 
lower  levels  of  each. 
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In  a  subsequent  series  of  experiments  performed  in  September,  the 
source  of  excitation  was  the  bremsstrahlung  from  our  "in-house"  acceler¬ 
ator  APEX- I,  described  in  a  previous  report.7  A  schematic  diagram  of 
that  apparatus  is  shown  in  Fig.  3.  Samples  were  exposed  to  the 
bremsstrahlung  radiation  and  then  automatically  transferred  to  a 
counting  chamber  as  shown.  The  arrival  of  the  sample  at  the  Nal(Tl) 
detector  triggered  dual  analyzers  and  caused  simultaneous  time-  and 
energy-resolved  spectra  to  be  obtained  for  each  shot. 

The  APEX-I  electron  beam  facility  in  our  Center  for  Quantum  Elec¬ 
tronics  has  a  nominal  1  MeV,  100  kA  output  pulse  lasting  26  ns.  This 
machine  can  be  fired  every  two  minutes.  An  anode  of  0.25  mm  tungsten 
foil  was  used  as  a  transmission- type  bremsstrahlung  converter.  As  noted 
above,  the  calibration  of  the  x-ray  output  from  such  converters  is  a 
difficult  matter.  Shot-to-shot  variability  of  the  machine  performance 
was  recorded  with  two  7912AD  transient  digitizers  separately  monitoring 
the  output  voltage  and  the  output  x-ra  fluence  delivered  to  a  fast, 
large-volume  silicon  PIN  diode. 

Samples  were  transferred  from  the  irradiation  ceil  to  the  counting 
chamber  with  the  same  pneumatic  shuttle  (rabbit  system)  we  fielded  for 
the  PITHON  experiments.  A  synchronization  signal  from  the  APEX-I 
machine  triggered  the  transfer  system  and  started  a  transit- time  clock, 
which  was  then  stopped  by  an  arrival  sensor  at  the  detector.  Typical 
transit  times  were  700  ras  or  less  because  of  our  shorter  distances.  The 
rabbits  and  the  transfer  tube  were  made  of  polyethylene  and  acrylic 
plastic,  which  presented  neglibile  x-ray  attenuations  at  the  energies 
involved  here.  Total  sample  volume  in  each  rabbit  was  about  7.5  cm3. 
The  cylindrical  axis  of  the  rabbit  was  approximately  2.8  cm  behind  the 
converter  target  during  irradiation. 

The  counting  system  for  the  work  done  in  September  comprised  a 
Nal(Tl)  detector,  its  associated  preamp/amplifier,  and  a  dual  analyzer 
that  obtained  both  pulse  height  spectra  and  multichannel  scaler  data  for 
each  shot.  Counting  was  initiated  by  the  arrival  of  the  sample  at  7.6  x 
7.6  cm,  well-type  Nal(Tl)  detector.  The  analyzers  were  ORTEC  913 
multichannel  buffers  running  on  an  IEEE-988  bus.  Although  ORTEC 
provides  the  IEEE  interface  as  a  listed  option,  no  software  is  currently 
commercially  available  to  control  them  in  this  mode;  and  a  special, 
in-house  software  package  was  developed  for  this  application.  An 
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IEEE-488  configuration  was  chosen  because  of  the  severe  RFI/EMI  environ¬ 
ments  we  encounter  in  many  of  our  experiments.  The  detector  and 
analyzers  were  mounted  in  shielded  enclosures  and  communicated  via  a 
serial  link  with  the  PC/AT  that  served  as  the  system  controller. 

The  photographs  of  Figs.  4  and  5  show  the  APEX-J.  electron  beam 
facility,  pneumatic  transfer  system,  counting  chamber,  and  data  acquisi¬ 
tion  electronics. 

Standard  procedures  were  employed  for  determining  the  detection 
efficiency  and  the  self  -  absorption  correction.  Correction  was  also  made 
for  the  loss  of  activity  during  the  Individual  transit  time  of  the 
sample  after  each  irradiation. 
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Figure  4 (a):  APEX-1  electron  beam  facility ,  bremsstrahlung  cell,  and 
counting  chamber  used  in  the  nuclear  fluorescence  experiment  shown 
schematically  in  Fig  3.  The  RFI  enclosure  that  normally  contains  the 
counting  shield  Is  shown  In  Fig  5.  (b):  Keyed  illustration.  1 

APEX-l  electron  beam  facility.  2.  Irradiation  cell  3.  Sample  position 
during  irradiation.  4.  Air  supply  for  pneumatic  system.  5.  Transfer 
tube.  6.  Counting  chamber.  7.  Detector  electronics  (in  actual  use, 
electronics  and  detector  are  enclosed  in  a  Faraday  cage) . 


Figure  5:  Counting  chamber  detail  (cop  left)  showing  the  Na'(Tl)  detector  and 
transfer  tube.  The  sensor  that  detects  the  arrival  of  the  sample  rabbit  is 
not  shown.  RFI  instrument  enclosure  (right)  contains  the  analog  electronics, 
the  multichannel  analyzers,  and  the  fiber  optics  IEEE-488  bus  extender. 
Operator ' s  console  for  the  data  acquisition  system  is  shown  bottom  left.  The 
fiber  optics  link  allows  the  IEEE-488  controller  to  be  well  removed  from  the 
RFI  pulse  associated  with  the  bremsstrahlung  source. 
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In  the  PITHON  experiments,  a  physical  displacement  existed  between 
the  shuttle  system  for  the  test  material  and  the  mixed  ^Br/^Se  target 
used  for  providing  calibration.  The  relative  radiation  delivered  to  the 
two  samples  was  corrected  for  this  separation  by  mounting  thermolumines¬ 
cent  diodes  (TLD's)  at  both  positions  and  then  comparing  the  total  dose 
recorded  at  the  different  points  for  each  shot.  The  number  of  photons 
from  the  test  materials  was  scaled  by  the  value  of  relative  dose 
received  at  the  test  shuttle  and  at  the  calibrating  positions.  These 
corrections  varied  on  a  shot-to-shot  basis  because  of  the  instability  of 
the  position  of  the  "hot  spot"  in  the  pinched  diode  used  on  the  PITHON 
machine . 


For  the  APEX- I  experiments  described  here,  the  high- intensity 
region  was  not  large  enough  to  accomodate  both  a  calibration  sample  and 
the  test  sample.  However,  shot-to-shot  variations  in  output  beam 
morphology  were  not  believed  to  be  significant  in  APEX- I  because  it  is 
not  a  pinched  diode  device.  This  assumption  is  being  tested  in  current 
experiments  using  TLD  arrays  that,  unfortunately,  were  unavailable  for 
the  September  work.  While  it  was  reasonable  to  postulate  that  the 
radiation  pattern  was  stable,  its  intensity  and  spectral  content  were 
not.  With  no  intentional  change  of  firing  parameters,  the  diode  voltage 
was  found  to  vary  by  up  to  200  keV.  Subsequent  work  on  the  machine  has 
greatly  improved  its  reproducibility,  but  for  the  erbium  experiments 
discussed  here  it  was  necessary  to  sort  shot  results  by  their  measured 
output  potential.  This  was  crucial  since  the  spectra  of  approximately 
10  shots  were  stacked  to  obtain  acceptable  signal  levels  at  each  value 


of  V„ 
wide  . 


In  practice,  the  shots  were  sorted  into  bins  that  were  100  keV 


Figure  6a  shows  the  result  of  photoactivation  of  ^"Br  with  the 
APEX- I  device  for  various  end  point  energies.  The  data  plotted  corre¬ 
spond  to  the  number  of  photoactivation  counts  recorded  per  shot  of  the 
x-ray  device.  As  can  be  seen,  the  count  rate  increases  smoothly  as  the 
end  point  energy  is  moved  above  the  761  keV  gateway  state  in  ^Br .  This 
plot  evidences  the  effects  of  both  the  opening  of  the  gateway  and  the 
increase  of  the  x-ray  output  at  761  as  the  end  point  is  raised.  In  Fig. 
6b,  the  same  data  has  been  normalized  to  the  output  of  the  machine  as 
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mas  ured  tn  arbitrary  units  by  the  x-ray  PIN  diode.  The  sharp  rice  seen 
near  750  keV  again  demonstrates  the  presence  of  the  gateway  state.  In 
this  representation,  as  the  end  point  energy  increases,  the  response 
flattens  since  the  proportional  change  in  the  intensity  of  761  keV 
decreases  as  the  separation  between  this  energy  and  the  end  point  energy 
widens.  Figure  6c  illustrates  the  corresponding  situation  for  ^Se. 
Here  the  data  quality  is  poorer  due  to  a  lower  isotopic  abundance  and 
less  favorable  branching  ratios  for  the  detection  transition,  but  a 
sharp  transition  is  demonstrated  in  the  vicinity  of  1  MeV.  Previous 
work2  with  PITHON  led  us  to  assign  this  contribution  in  ^Se  to  a  gateway 
state  at  1005  keV.  From  these  graphs,  we  can  conclude  that  the  voltage 
calibration  for  APEX- I  is  reasonable  and  that  we  can  locate  gateway 
states  within  100  keV  or  better  by  use  of  this  type  of  presentation. 
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Figure  6(a):  (Opposite)  Plot  of  Che  average  number  of  photoac¬ 
tivation  counts  per  shot  of  the  APEX-I  device  for  79mBr.  Data 
represent  average  values  obtained  from  approximately  10  shots 
at  each  value  of  V„x.  The  onset  of  excitation  through  the  761 
keV  gateway  state  is  clearly  demonstrated . 

(b) :  Plot  of  the  average  number  of  photoactivation  counts  per 
unit  dose  (arbitrary  units)  for  ™”Br.  The  data  of  Fig.  6(a) 
were  normalized  with  respect  to  the  x-ray  PIN  diode  output 
monitor  to  eliminate  the  effects  of  the  overall  increase  in 
x-ray  output  with  voltage. 

(c)  :  Plot  of  the  average  number  of  photoactivation  counts  per 
unit  dose  (arbitrary  units)  for  ^Se.  In  all  three  figures, 
raw  counts  (no  corrections  for  decay  or  detection  efficiency) 
are  plotted. 
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ERBIUM 

7::e  sample  of  erbium  run  in  the  test  shuttle  in  the  PITHON  experi¬ 
ments  consisted  of  2.76  g  of  ErjOj  containing  natural  isotopic  abundanc¬ 
es.  The  fluorescence  spectrum  is  shown  in  Fig.  7,  together  with  the 
result  expected  on  the  basis  of  Eq.  (1).  A.s  can  be  seen,  the  experimen¬ 
tal  results  exceed  expectations  by  a  factor  of  17. 

From  Fig.  7  it  can  be  immediately  concluded  that  either  one  or  more 
of  the  parameters  for  167Er  listed  in  Table  I  are  grossly  incorrect  or 
there  is  an  excitation  channel  above  745  keV  which  is  substantially  more 
effective  than  those  listed.  Figure  1  shows  a  high  density  of  states 
which  might  seem  to  offer  numerous  possibilities.  However,  167Er  is  the 
most  elongated  of  tha  stable  nuclei  and  hence  the  one  most  nearly 
conforming  to  the  Nilsson  model  of  structure.8  The  energy  level  diagram 
of  Fig.  1  is  dominated  by  rotational  bands  built  upon  an  initial  value 
of  K,  the  quantum  number  for  the  projection  of  nucleonic  angular 
momentum  upon  the  axis  of  elongation.  The  situation  is  very  analogous 
to  that  for  diatomic  molecules. 

Transitions  must  not  only  satisfy  selection  rules  upon  changes  in 
J,  the  total  angular  momentum,  but  also  upon  K,  both  AJ  and  AK  being 
limited  by  the  multipolarity  of  the  transition.  The  limitations  upon  AK 
are  understood  to  comprise  the  restrictive  "K-selection  rules"  which 
would  seem  to  impede  some  of  the  otherwise  attractive  systems  for  a 
gamma-ray  laser.  Laser  candidates  suffering  a  large  AK  are  currently 
excluded  from  serious  consideration,  automatically.  Now,  here  is  a 
K  hindered  analog  where  the  fluorescence  yield  is  17  times  expectations. 

The  change  in  K  from  ground  to  isomer  in  167Er  is  a  negative  three. 
It  is  not  Immediately  clear  from  Fig.  1  that  there  could  be  a  reasonable 
path  containing  three  steps  for  which  AK  -  -1  and  AJ  -  ±1  or  0.  Failing 
that,  it  is  not  clear  how  there  could  be  a  two-step  (7,7')  reaction 
through  which  AK  -  -2  for  one  component  that  would  be  any  more  probable 
than  the  known4  E2  and  M2  channels  shown  in  Fig.  1.  Those  give  the 
result  which  is  too  small  by  a  factor  of  seventeen.  Of  course,  there 
could  be  a  more  favorable  E2  route  if  transitions  to  one  of  the  states 
were  enhanced  by  a  collective  quadrupole  vibration,  but  the  one  band  for 
which  this  is  predicted  is  not  reported4  to  be  radiatively  connected 
to  both  ground  and  isomeric  states. 
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Figure  7:  Arrows  Identify  Che  nuclear  component  of  the  spec¬ 
trum  of  fluorescence  of  Erp$  in  comparison  with  model  predic¬ 
tions  based  upon  nuclear  parameters  input  from  the  extent 
database .  Data  were  obtained  fr^m  a  single  irradiation  of  2.8 
g  of  Er-p 3  in  natural  isotopic  abundance . 

Earlier  studies9  of  the  structure  of  167Er  were  more  generous  in  the 
identification  of  mixed  states.  For  example,  the  1/2"[510]  Nilsson 
state  giving  rise  to  the  band  in  the  rightmost  column  of  Fig.  1  was 
originally  considered  to  be  a  mixture  of  that  state  with  5/2“ (512) 
coupled  to  a  2+  quadrupole  vibration  of  the  core,10  If  that  were  the 
case,  transitions  from  the  ground  7/2+[6331  to  the  mixed  states  lying 
between  854  and  1034  keV  might  not  actually  be  hindered  because  the 
transition  would  not  be  purely  AK  -  2 .  The  changes  in  AJ  are  quite  low 
in  that  energy  range,  and  the  selection  rule  AJ  -  ±1  or  0  is  easily 
sacisified.  Moreover,  some  cascades  from  the  mixed  state  to  the 
rotational  system  built  on  the  isomer  have  been  assigned,4  and  those  are 
shown  in  Fig.  1.  Such  a  sequence  of  steps  in  the  reaction 
167Er (y , 7 ' )  167mEr  would  provide  an  intrinsic  mechanism  for  the  interband 
transfer  of  population.  Whatever  the  reason,  the  experimental  fact  is 
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that  an  excitation  sequence  exists  which  has  the  effect  of  short-cir¬ 
cuiting  Che  K-selection  rules  as  usually  applied  in  excluding  low 
priority  candidates  for  a  gamma- ray  laser. 

In  principle,  the  particularly  effective  (7,7')  sequence  in  167Er 
can  be  identified  through  the  same  Iterative  procedures  used  to  discover 
and  characterize  the  dominant  ^SedOOS  keV,  7'  )77mSe  channel  in  the 
presence  of  the  three  other  known  reactions  producing  the  same 
product.1'2  In  implementation  it  requires  a  sequence  of  measurements  of 
fluorescence  yield  be  made  with  successively  differing  values  of  end 
point  energies  of  the  bremsstrahlung .  Because  of  the  survey  nature  of 
the  PITHON  series  of  experiments  reported  here,  only  a  single,  fully 
instrumented  measurement  was  obtained  for  which  the  reduced  excitation 
ratio  of  Eq.  (1)  was  found  to  be, 

R(Er)  -  1.90  ,  (3a) 

for  irradiation  at  an  end  point  energy  of 

VmBJ((Er)  -  1470  keV  (3b) 

If  it  is  assumed  that  167mEr  is  activated  through  a  single  gateway, 
the  right-hand  side  of  Eq.  (1)  consists  of  a  single  term, 

*e<Er) 

R(Er) - r(E)  ,  (4) 

£761 

where  E  is  the  unknown  energy  of  the  gateway.  Of  course,  both  R  and  f 
depend  upon  the  end  point  energy,  which  in  this  case  is  given  by  Eq. 
(3b)  .  The  intensity  ratio  is  a  known  function2  of  E  for  the  PITHON 
accelerator,  so  Eq .  (4)  can  be  solved  for  £E(Er).  From  Eq .  (2)  it  can 
be  seen  that  the  integrated  cross  section  (?rbab0<7or/2 )  can  be  readily 
obtained  from  £E(Er).  The  result  is  shown  in  Fig.  8.  If  the  energy  of 
the  gateway  were  known,  the  integrated  cross  section  for  the  reaction 
167Er(7 , 7' )167mEr  could  be  simply  read  from  the  figure. 

In  an  attempt  to  determine  the  gateway  energy,  experiments  were 
continued  during  this  past  quarter  with  APEX-I.  To  compensate  partiallv 
for  the  lower  pump  f luence ,  a  larger  target  of  isotopicallv  enriched 
167Er  was  used.  In  these  experiments,  the  pneumatic  transfer  shuttle 
contained  9.08  g  of  erbium  enriched  to  91.5%  abundance  in  the  form  of  an 
oxide.  Corrections  for  self-absorption  of  the  fluorescence  were 
calculated  for  completeness,  but  only  relative  measurements  were  needed. 
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Figure  8:  The  integrated  cross  section  for  the  photoactiva¬ 
tion  of  167l"£r  through  a  single  dominant  gateway  state  as  a 
function  of  the  energy  at  which  it  could  be  assumed  to  lie. 

As  in  the  calibrations  with  ^Se  and  ^Br  discussed  above,  data  had 
to  be  sorted  into  bins  identified  by  the  end  point  voltage  actually 
measured  for  that  individual  irradiation.  To  obtain  reasonable  signal- 
to*noise  ratios,  the  bins  had  to  be  enlarged  to  a  width  of  100  keV .  The 
resulting  data  are  plotted  in  Fig.  9.  Each  datum  represented  the  number 
of  active  nuclei  obtained  from  averaging  nominal  samples  of  10  irradia¬ 
tions  per  bin. 

The  daca  of  Fig.  9  show  a  clear  trend  toward  an  intercept  between 
800  and  1000  keV.  The  linear  approximation  corresponds  to  a  least 
squares  fit  and  gives  an  intercept  of  902  keV ,  but  it  is  more  reasonable 
to  conclude 

E  -  900  ±  100  keV  (5) 
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If  chere  is  no  larger  gateway  at  a  higher  energy,  900s  E  <  1470  keV, 
then  Eq.  (5)  gives  the  energy  at  which  it  can  be  determined  from  Fig.  8 
that , 

wb4b0cr0r/2  -  23  x  lO'^cm2  keV  (6) 

The  remaining  question  is  whether  the  gateway  seen  in  Fig.  9  is  the 
same  one  characterized  in  Fig.  8.  However,  if  it  is  not,  then  there 
must  be  one  at  higher  energies  having  a  cross  section  even  greater  chan 
the  value  of  Eq.  (6),  as  can  be  seen  from  Fig.  8.  In  any  case,  one 
exists  which  is  much  more  effective  than  the  largest  shown  in  Table  I, 
recording  initial  expectations. 


Figure  9 ■  Plot  of  che  average  numbers  of  activations  of  167mFr 
produced  by  single  discharges  of  APEX -I  corrected  for  the 
finite  duration  of  che  counting  period  and  plotted  as  func¬ 
tions  of  che  end  point  energies  of  the  electrons  producing  the 
brexsstrahlung .  Data  were  averaged  over  several  shots  at 
similar  end  point  energies  to  improve  statistics . 
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Ic  is  extremely  interesting  that  at  900  keV,  the  gateway  is  48 
times  the  expected  value  at  745  keV  and  occurs  just  where  states  of 
mixed  K  would  be  expected  as  discussed  above.  Here  seems  a  reasonable 
indication  that  collective  quadrupole  vibrations  can  provide  a  natural 
process  for  " interband  transfer."  A  subsequent  manuscript  presents 
evidence  that  collective  octupoles  can  facilitate  similar  transfers  at 
higher  energies  with  another  three  orders  of  magnitude  increase  in  cross 
section. 

HAFIUM 

As  can  be  seen  from  Table  I,  l79Hf  is  an  isotope  for  which  the 
spectrum  for  activation  is  even  more  complex  than  167Er  or  ^Se .  Having 
five  distinct  (7,7')  reactions  for  the  production  of  isomers,  it  places 
even  greater  demands  upon  the  self-consistency  of  the  five  critical 
nuclear  parameters  in  Table  I.  Moreover,  it  is  particularly  curious 
that  the  published  transition  energies  for  the  excitation  step  in  Table 
I  correspond  to  no  individual  transitions  in  the  scheme  of  currently 
accepted  levels4  shown  in  Fig.  2.  They  evidently  represent  the  sums  of 
excitations  through  gateway  levels  whose  average  positions  in  Fig.  2 
would  lie  at  the  energies  listed  in  Table  I.  It  is  also  of  considerable 
interest  that  no  absorption  transitions  in  the  energy  range  375  -  1500 
keV  from  the  ground  state  are  listed  in  accepted  databases.4  From  this 
perspective  it  is  almost  surprising  that  experimental  results  approached 
the  model  predictions  of  Eq .  (1)  to  within  the  factor  of  2.0  -  2.7 
actually  observed. 

The  fluorescence  spectrum  obtained  from  a  single  irradiation  of 
4.71  g  foil  of  hafnium  in  natural  isotopic  abundance  is  shown  in  Fig. 
10.  Also  shown  is  the  comparative  value  obtained  from  Eq .  (1)  using  the 
parameters  of  Table  I  placed  into  the  same  units  of  detected  counts  by 
multiplying  Eq .  (1)  by  the  number  of  ^Br  excitations  times  the  relative 
efficiencies  for  fluorescence,  escape,  and  detection.  While  indicating 
that  one  or  more  of  the  parameters  for  179Hf  in  Table  I  are  underestimat¬ 
ing  the  actual  value  of  integrated  cross  section,  the  suggested  discrep¬ 
ancy  of  2.0  -  2.7  is  more  of  the  magnitude  which  might  be  reasonably 
expected  to  result  from  a  direct  remeasurement  of  such  derived  parame 
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Figure  10:  Arrows  Identify  the  nuclear  component  of  the  spectrum  of 
fluorescence  of  Hf  In  comparison  with  model  predictions  based  upon 
nuclear  parameters  input  from  Che  extant  database.  Points  were  obtained 
from  a  single  irradiation  of  6.71  g  of  metal  in  natural  isotopic 
abundance . 

As  in  Che  case2  of  ^Se ,  attempts  to  identify  the  extra  contribution 
should  begin  with  a  computation  of  the  residue  A  becween  the  measured 
ratios  of  the  numbers  of  179mHf  to  ^Br, 

A  -  R(exp)  -  R (model)  ,  (7) 

where  the  R  is  as  defined  in  Eq .  (1).  This  was  not  done  in  this  case 
because  R(exp)  »  R(model)  so  that  the  observed  ratio  could  be  reason¬ 
ably  expected  to  show  the  same  correlations  with  experimental  variables 
as  would  the  residue  A. 

If  it  were  assumed  that  the  observed  value, 

R(179Hf)  -  0.094  ,  (8a) 
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were  dominated  by  a  single  unknown  gateway,  then  the  integrated  cross 
section  could  be  determined  as  a  function  of  the  energy  assumed  for  the 
gateway,  just  as  was  done  with  the  ^Er.  The  graph  of  the  possible 
values  of  cross  section  that  result  is  shown  in  Fig.  11. 

Attempts  to  use  APEX- I  to  determine  the  gateway  energy  in  a  manner 
analogous  to  what  succeeded  with  ^Er  failed  to  produce  measureable 
activation  of  the  sample.  In  this  case  the  combination  of  a  low  natural 
abundance  of  13.6%  and  a  relative  excitation  ratio  of  more  than  an  order 
of  magnitude  less  than  found  with  167Er  prevented  any  useful  limits  from 
being  extracted  from  the  null  result.  The  gateway  could  be  at  any 
energy  in  Fig.  11  and  be  consistent  with  the  null  result. 
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Figure  11:  The  integrated  cross  section  for  Che  phocoaccivadon  of 

1 7™Hf  through  a  single  dominant  gateway  state  as  a  function  of  the 
energy  at  which  it  could  be  assumed  to  lie. 
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IRIDIUM 

The  most  drastic  inconsistency  in  this  group  was  found  for  191  Ir, 
which  shouM  have  the  simplest  scheme  for  excitation.  The  spectrum  of 
(7.7')  r.  .ons  leading  to  the  production  of  the  191mIr  isomer  is 
reported  to  be  monoenergetic ,4  as  shown  in  Fig.  2.  If  so,  this  would 
place  a  very  high  importance  on  191Ir  as  a  material  contributing  another 
clearly  selective  line  for  sampling  energies  in  the  XAN  procedure. 


ENERGY  (keV) 

Figure  12:  Arrows  identify  the  nuclear  component  of  the  spectrum  of 

fluorescence  of  Ir  in  comparison  with  model  predictions  based  upon 
nuclear  parameters  input  from  the  extant  database .  Points  were  obtained 
from  a  single  irradiation  of  1.82  g  of  metal  in  natural  isotopic 
abundance . 

The  iridium  sample  used  in  these  experiments  had  the  form  of  1 . 82  g 
of  metallic  powder  in  natural  isotopic  abundance  sealed  into  a  flat 
planchet.  The  fluorescence  spectrum  is  shown  in  Fig.  12,  and  its  time 
decay  positively  identified  the  source  as  191mIr.  Self -absorption  of  the 
fluorescence  at  129  keV  represented  a  significant  effect  in  this 
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geometry  and  data  were  corrected  appropriately.  In  the  units  of  the 
left  hand  side  of  Eq.  (1),  the  measured  value  in  the  peak  was 

R(exp)  -  1.86  ,  (9a) 

for 

-  1300  keV  ,  (9b) 

in  comparison  to  the  values  near  0.1  encountered  in  the  previous 
example.  Thi3  immediately  identifies  191Ir  as  possessing  a  path  for 
(7,7')  reactions  of  major  importance. 


ENERGY  (MeV) 


Figure  13:  The  integrated  cross  section  for  the  photoact ivat ion  of 

'9mIr  through  a  single  dominant  gateway  state  as  c  f-anction  of  the 
energy  at  which  it  could  be  assumed  to  lie. 


As  before,  if  it  is  assumed  that  the  reaction  proceeds  predominant¬ 
ly  through  a  single  gateway,  the  possible  values  of  integrated  cross 
section  can  be  obtained  as  shown  in  Fig,  13.  For  iridium,  as  well  as 
hafnium,  irradiation  with  APEX- I  failed  to  produce  measurable  activa¬ 
tion.  However,  in  this  case  the  negative  is  indicative,  The  excitation 
ratio  of  Eq .  (9a)  from  PITHON  is  comparable  to  chat  of  Eq .  (3a)  for 
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167Er,  and  the  fractional  abundance  for  191  Ir  is  37.3%.  The  inescapable 
conclusion  is  that  had  the  gateway  been  at  the  same  energy  as  for  167Er, 
we  would  have  seen  fluorescence  from  the  iridium.  In  this  case  the  null 
result  implies  the  gateway  lies  above  the  900  keV  value  for  167Er.  Thus, 
only  the  part  of  the  curve  in  Fig.  13  above  900  keV  need  be  considered. 

If  we  arbitrarily  suppose  that  the  reaction  proceeds  through 
191Ir(1000  keV,  7')191l*Ir,  then  the  solution  of  Eq.  (4)  in  that  case  for 
Eq.  (9a)  would  give  an  even  larger  integrated  cross  section  of 

*babo0or/2  -  40  x  10-29  cm2  keV  _  (10) 

a  very  large  value  for  a  total  spin  change  of  AJ  -  - 4  between  ground  and 
isomeric  states. 

Evidently,  there  is  a  shockingly  broad  funneling  state  for  such  an 
unfavorable  spin  change,  and  the  191Ir  isotope  spotlights  itself  as  an 
important  candidate  for  a  more  extensive  investigation. 
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GOLD 

The  system  of  known  (7,7')  channels  for  the  production  of  isomeric 
gold  nuclei  is  the  simplest  possible  -•  there  are  none.4  Nevertheless, 
samples  of  gold  activate  quite  strongly,  at  a  qualitative  level  compara¬ 
ble  to  179Hf. 

In  this  survey,  a  gold  foil  of  2.41  g  was  mounted  in  a  shuttle 
target  with  the  same  geometry  as  characterized  the  hafnium  experiments. 
Commercial  gold  foil  was  used  in  which  the  ,97Au  isotope  occurs  with 
natural  100%  abundance.  The  spectrum  of  a  single  irradiation  is  shown 
in  Fig.  14  and  identification  was  confirmed  by  the  time  dependence  of 
the  fluorescence.  As  in  previous  examples,  data  were  reduced  to  ratios 
of  the  numbers  of  isomeric  nuclei  per  unit  concentration;  and  the  level 
of  excitation  on  this  scale  was  of  the  order  of  the  results  with 
hafnium, 


R  -  0.09  ,  (11a) 

and 

vm.x  -  1480  keV  (lib) 

Another  irradiation  was  also  obtained  under  almost  ideally  con¬ 
trasting  values  of  end  point  energies  for  the  bremsstrahlung.  Both 

experimental  values  of  R  from  Eq.  (1)  are  plotted  in  Fig.  15  for  the  two 

available  shots.  Statistical  uncertainty  of  counting  is  much  smaller 
chan  the  size  plotted  for  the  data  points. 

As  is  readily  seen  from  Eq .  (4),  if  a  single  reactive  channel  is 

dominant,  the  dependence  of  the  data  points  upon  end  point  energy  should 
correlate  with  the  variations  of  the  relative  intensity  f(E),  where  E  is 
the  energy  of  the  gateway  state.  The  shapes  of  curves  of  f(E)  as 

functions  of  end  point  energy  differ  drastically2  for  different  excita¬ 
tion  energies  E.  As  In  the  case1'*  of  ^Se,  a  simple  visual  comparison 
of  data  with  the  different  shapes2  can  give  a  clue  to  the  value  of  the 
excitation  energy  E  of  the  gateway  state.  Of  course,  a  substantial 

number  of  data  points  is  needed  for  such  comparisons  to  be  unequivocal. 
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Figure  14:  Arrows  identify  the  nuclear  component  of  the  spectrum  of 

fluorescence  of  Au  in  comparison  with  model  predictions  based  upon 
nuclear  parameters  input  from  the  extant  database .  Points  were  obtained 
from  a  single  irradiation  of  2.41  g  of  metal  in  natural  isotopic 
abundance . 


Shown  In  Fig.  15  are  two  typical  curves  of  f(E)  for  a  high  value  of 
excitation  energy  and  for  a  lower  value.  For  the  higher  values  they 
tend  to  "point"  to  an  intercept  near  the  gateway  energy. 

In  the  case  of  Fig.  15,  it  is  tempting  to  identify  the  gateway  as 
occurring  in  the  cluster  of  levels  near  900  keV.  However,  also  as 
suggested  by  the  placement  of  the  curve  of  fCE)  for  a  lower  energy 
threshold,  a  contribution  from  a  second  gateway  at  lower  energy  could 
displace  the  apparent  intercept  to  lower  values,  giving  a  quite  errone¬ 
ous  conclusion  were  a  system  with  two  gateways  analyzed  as  having  only 
one.  Nevertheless,  it  is  interesting  to  estimate  the  magnitude  of  the 
integrated  cross  section  for  excitation  were  it  to  arise  from  a  single 
level  in  197Au  near  900  -  1000  keV .  In  that  case  ^(1000)  -  0.26  for  an 
end  point  energy  near  1.4  MeV .  Then  from  the  analog  to  Eq .  (4), 


•  ^  J 


,*  V 


.  -  A 
V 


S. 


v>'1 


m 

•>$ 
•  »  », 


v.v; 


* 


40 


doaflottai 


NOOOK-86-C-2488 
UTO  *24522-964 


^IOOo(Au)  -  2.8  x  10-32  cm2  ,  (12) 

and  for  197Au(1000  keV,  7')197l*Au, 

jrb,b0o0r/2  -  2.8  x  10’29  cm2  keV  ,  (13) 

provided  excicaCion  actually  occurs  through  a  single  gateway  in  the  900 
-  1000  keV  range  of  energies. 

Attempts  to  activate  gold  with  the  APEX- I  device  proved  fruitless, 
but  this  is  not  surprising  given  the  smaller  excitation  ratio  of  Eq. 
(11a)  and  higher  probable  gateway  energy  indicated  by  Fig.  15.  As  in 
the  case  of  179Hf,  these  null  results  convey  no  limits  and  are  consistent 
with  Eq.  (13). 
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Figure  15:  Relative  numbers  of  isomers  197mAu  and  79m3r  normalized  Co 

equal  numbers  of  initial  targets  plotted  as  functions  of  the  end  point 
energy  of  the  bremsstrahlung .  Curves  show  the  variations  of  the 
intensities  at  high  and  low  pump  energies  relative  to  the  inters  it'-' 
pumping  the  79m5r. 
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Conclusions _ 

The  discovery  of  cross  sections  for  (7,7')  reactions  which  are 
orders  of  magnitude  greater  than  theoretical  expectations  is  obviously 
of  great  significance  both  for  nuclear  physics  and  for  the  development 
of  a  gamma-ray  laser.  However,  a  posteriori,  attempts  to  extract  from 
the  survey  data  new  lines  for  the  XAN  procedure  for  calibrating  intense 
pulses  of  bremsstrahlung  highlighted  the  experimental  difficulties  of 
this  work.  Not  nearly  enough  data  were  available  for  the  sort  of 
painstaking  analyses  of  residues  proven  effective  in  the  reconciliation 
of  the  nuclear  data  for  ^Se. 

Whereas  existing  values  of  nuclear  parameters  were  found  to  be  83% 
self-consistent  in  the  best  set  of  isotopes,  ^Se,  ^Br,  and  115In,  in 
this  new  group  of  four,  167Er,  ,79Hf,  191Ir,  and  197Au,  extant  parameters 
were  Consistent  in  fewer  than  50%  of  the  cases.  Moreover,  discrepancies 
were  drastic.  Fluorescence  from  167Er  should  have  been  hindered  by  the 
same  punative  K-selection  rules  which  have  been  used  to  downgrade 
priorities  of  some  laser  candidates,  but  actual  measurement  showed  17 
times  more  yield  than  expected.  Experimental  excitation  evidently  finds 
a  real  path  around  the  K-rules,  which  should  have  been  the  most  restric¬ 
tive  for  this  167Er  nucleus  because  that  is  the  stable  isotope  most 
nearly  conforming  to  input  assumptions  to  the  theory.  It  is  the  most 
elongated  stable  nucleus. 

Fluorescence  from  179Hf  was  2.0  to  2.7  times  Dore  than  predicted 
from  seemingly  complete  data  spanning  the  range  of  energies  up  to  14 
MeV.  Negligible  within  the  context  of  the  more  extreme  discrepancies 
found  in  this  group  of  four,  it  is  an  unaccountable  excess  far  greater 
than  was  observed  in  ^Se ,  the  worst  example  in  the  previous  group 
studied . 

In  191Ir  the  largest  finite  excess  of  experiment  over  theory  was 
found.  Either  representing  an  error  of  20,000%  in  accepted  values  or 
the  dominance  of  a  new  gateway  of  tremendous  width,  the  results  with 
this  isotope  merit  description  as  being  shockingly  unexpected.  Such 
results  offer  an  extreme  contrast  to  the  smooth  agreement  obtained  in 
the  first  group  of  isotopes  with  83%  of  the  important  parameters. 

For  197Au  the  results  described  in  the  work  came  close  to  providing 
insight  into  the  discrepancy  which  is  becoming  the  majority  result  -- 


42 


M00014-86-C-2488 
UTD  *24522-964 


experimental  excitation  of  isomeric  fluorescence  is  much  more  effective 
than  indicated  by  the  "accepted"  database.  This  case  benefited  from  the 
largest  variation  of  input  spectrum  and  so  suggested  a  trend.  Far  from 
compelling  belief,  nevertheless  the  two  data  points  for  197Au  suggest  a 
threshold  behavior.  If  so,  the  gateway  state  would  be  one  of  the 
cluster  in  the  900  -  1000  keV  range  and  support  an  integrated  cross 
section  for  funneling  to  the  isomer  of  2.8  (  x  10'29  cm2  keV)  units  in 
the  system  generally  employed.  This  is  a  surprisingly  large  value  to 
find  so  easily  for  a  completely  unexpected  pumping  sequence  spanning  a 
change  of  angular  momentum  of  AJ  -  4.  In  a  sense,  for  gold,  the 
experimental  yield  is  infinitely  greater  than  theory  because  accepted 
models4  provide  no  channels  for  such  an  excitation. 


Such  results  as  presented  here  spotlight  the  drastic  inadequacies 
of  the  existing  database  for  the  purposes  of  screening  candidates  for  a 
gamma-ray  laser.  These  earliest  results  cast  severe  doubt  onto  the 
validity  of  generally  accepted  procedures  invoking  K- selection  rules  for 
reducing  the  slate  of  candidates  by  elimination.  It  appears  that 
instead  of  narrowing  the  field  of  candidate  laser  isotopes,  these 
experiments  are  widening  the  field.  Much  more  study  is  needed  to  see 
whether  the  experimental  production  of  yields  from  heavy  nuclei  that  are 
drastically  in  excess  of  theory  will  prove  to  be  a  general  phenomenon. 
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For  the  study  of  (7,7')  reactions  that  produce  isomeric  products, 
115In  has  a  particularly  favorable  combination  of  characteristic  proper¬ 
ties.  Having  only  a  few  channels  for  reaction  at  energies  below  1.4 
(ieV,  it  nevertheless  displays  a  large  integrated  cross  section  for 
excitation  of  the  269  minute  isomer  at  336  keV.  For  these  pragmatic 
reasons  115In  has  served  as  the  archetype  material  for  the  study  of  this 
type  of  reaction,  and  a  number  of  efforts  have  been  reported1'13  in  the 
past  48  years. 

The  relevant  part  of  the  energy  level  diagram14  of  115In  is  shown  in 
Fig.  1,  indicating  only  three  levels  through  which  a  (7,7')  reaction  of 
multipolarity  El,  Ml,  M2,  or  E2  could  proceed  to  populate  the  isomeric 
state  for  photons  below  1.4  MeV.  The  importance  of  the  lowest  dipole 
gateway  level  at  941  keV  is  negligible  because  it  has  a  particularly 
small  integrated  cross  section15  for  excitation  in  comparison  to  that  of 
the  nearby  1078  keV  level,  end  the  9?4  keV  7/2*  level  has  a  yet  smaller 
cross  section  because  of  its  longer  lifetime. 


Figure  1:  Energy  level  diagram  of  the  exciced  scares 
of  115In  imporCanc  in  che  production  of  populacions  of 
Che  isomer . 14  Half-lives  of  Che  states  are  shown  co 
che  righc  of  each,  and  sequences  of  reaccions 
leading  co  che  isomer  are  shown  by  che  arrows. 
Dashed  7'  cransicions  occur  bv  cascading  chrough 
levels  noc  shown. 
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Table  I 

Summary  of  integrated  cross  sections  reported  for  the  reaction 
1isln(7,7'  )115mIn  through  the  1078  keV  J*  -  5/2*  level. 


Cross  Section 

*bab0oer/2 

(  x  10'29  cm2  keV) 


23  ±  4 
20  ±  4 
7.1  ±  2.3 

11.5  ±  4.0 

30  (+40,-20) 

10.5  ±  2.7 
19  +  1 

5.39  ±  0.64 
18.1  ±  1.5 
18.7  ±  2.7 


Reference 


Ikeda  and  Yoshihara  (Ref.  4) 

Veres  (Ref.  5) 

Chertok  and  Booth  (Ref.  6) 

Booth  and  Brownson  (Ref.  7) 

Boivin,  Cauchois,  and  Heno  (Ref.  8) 
Lakosi,  Csuros,  and  Veres  (Ref.  9) 
Watanabe  and  Mukoyama  (Ref.  10) 
Ljubicic,  Pisk,  and  Logan  (Ref.  11) 
Yoshihara  et.  al.  (Ref.  12) 

This  work 


In  practical  cases  in  which  115In  samples  are  excited  either  with 
gamma  rays  from  a  source  or  by  bremsstrahlung  from  an  accelerator 
operating  below  1.4  MeV,  the  absorption  spectrum  for  (7,7')  reactions 
producing  isomers  is  essentially  monochromatic  at  1078  keV.  Neverthe¬ 
less,  quantitative  measurements  of  the  integrated  cross  section  have 
shown  a  chaotic  level  of  contradiction  between  theory  and  experiment  and 
among  the  experiments  themselves.  Table  I  presents  a  summary  of  values 
reported  in  the  literature  together  with  the  results  of  this  measure¬ 
ment,  in  terms  of  the  integrated  cross  section  as  usually  reported,16 
^bab0<7or/2 ,  where  T  is  the  natural  width  in  keV  of  the  pump  band;  where 
the  branching  ratios  ba  and  b^  give  the  probabilities  for  the  decay  of 
the  gateway  level  back  into  the  initial  and  isomeric  level,  respective 
ly;  and  a0  is  the  Breit -signer  cross  section  for  the  absorption  transi¬ 
tion, 
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A2  2I.+1  1 

- -  -  .  <1' 

2n  2Ig+l  Op+1 

where  A  is  the  wavelength  in  cm  of  the  gamma  ray  at  the  resonant  energy 
E|I  Ie  and  I9  are  the  nuclear  spina  of  the  excited  and  ground  states, 
respectively;  and  ap  is  the  total  internal  conversion  coefficient  for 
the  absorption  transition. 

It  has  been  recently  argued16  that  the  principal  cause  of  such  a 
large  degree  of  variance  among  previous  measurements  of  the  115In 
excitation  has  been  the  generally  inadequate  level  of  characterization 
of  the  spectrum  of  the  pump  source.  In  a  subsequent  paper13  we  showed 
that  the  spectrum  from  a  pulsed  source  of  intense  bremsstrahlung  could 
be  determined  to  a  level  of  accuracy  sufficient  for  the  quantitative 
description  of  the  reactions  ^S&Cy  ,y'  )77mSe  and  7'>Rr(y,y'  In  doing 

so,  an  important  new  channel  for  the  excitation  of  ^Se  was  found 
through  the  1005  keV  J"  -  3/2"  level. 

It  is  the  purpose  of  this  paper  to  report  the  reexamination  of  the 
reaction  115In(7,y' )115lBIn  with  the  same  pulsed  bremsstrahlung  source  used 
for  the  reconciliation  of  the  absorption  crocs  sections  to  ^Br  and 
^Se .  Results  for  115In  were  found  in  this  work  to  be  consistent  with 
that  reconciliation.  Moreover,  the  quantitative  value  for  the  integrat¬ 
ed  cross  section  we  report  can  be  seen  to  be  in  good  agreement  with  the 
other  value  reported  most  recently  as  the  result  of  excitation  with  a 
radioactive  source.12 

Methods  and  Apparatus 


In  a  previous  report13*16  it  was  shown  that  the  uncertainty  in  the 
absolute  value  of  the  geometric  coefficient  coupling  the  source  of  pump 
radiation  to  the  absorbing  target  could  be  eliminated  by  normalizing 
both  the  pump  fluence  and  the  fluorescence  counts  to  some  standard 
material  having  a  monochromatic  excitation  spectrum.  The  reaction 
79Br(7,7' was  found  to  be  an  ideal  standard,  having  an  integrated 
cross  section  of  6.2  x  10‘29  cm2  keV  and  a  convenient  radioactivity  in 
the  isomer.  Following  the  formalism  reported  earlier,13  the  number  of 
ii5n>in  nuclei,  S(In),  which  could  be  excited  by  a  flash  of  intense 
bremsstrahlung  can  be  conveniently  expressed  as  a  ratio, 
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S(In)  N(In)  *1078<In) 

-  -  -  -  r(1078)  ,  (2) 

S(Br)  N(Br)  f761(Br) 

where  S(x)  and  N(x)  are  the  number  of  nuclei  produced  and  the  number  of 
target  nuclei  of  material  x,  respectively;  $*(1078)  is  the  ratio  of 
pumping  Intensity  at  1078  keV  to  the  intensity  at  761  keV;  and  the  £E(x) 
are  the  combinations  of  nuclear  parameters  involved  in  the  excitation  of 
the  gateway  level  at  energy  E, 


fE(x)  - 


<*b,b0o0r/2)E 


The  collection  of  terms  in  parentheses  in  Eq.  (3)  comprises  the  inte¬ 
grated  cross  section  for  excitation  as  usually  reported,  and  the 
calibration  value  for  ^Br  is  £741  (Br)  -  8.2  x  10“3Z  cm2. 

The  source  of  excitation  in  these  experiments13  was  the 
bremsstrahlung  produced  by  the  DNA  PITHON  nuclear  simulator  at  Physics 
International.  The  usual  end  point  energy  of  the  electrons  producing 
the  bremsstrahlung  was  1.3  MeV  with  small  shot- to-shot  variance.  For 
these  particular  experiments,  the  nominal  firing  parameters  were 
deliberately  perturbed  so  that  successive  irradiations  could  be  obtained 
with  end  point  energies  varying  from  0.9  to  1.5  MeV. 

Intensities  at  the  target  were  determined  by  measuring  the  nuclear 
activation  of  the  ^Br  component  of  a  sample  of  LiBr  containing  isotopes 
in  natural  abundance.  This  calibrating  target  was  run  in  a  pneumatic 
transfer  system  which  enabled  the  population  of  791,1  Br  produced  by  a 
single  irradiation  to  be  subsequently  counted  at  a  quiec  location  30  m 
removed  from  the  source.  Activation  lost  during  the  1.0  s  transit  time 
could  be  readily  corrected  during  analysis. 

The  115In  sample  under  study  was  in  the  form  of  a  chin  foil  taped  to 
a  fiduciary  mark  near  the  pneumatic  system.  Since  the  11SmIn  bad  a 
substantially  longer  half-life,  it  could  be  manually  detached  afeer 
expos  ire  and  transferred  to  the  spectrometer,  which  consisted  of  a  3"  x 
3"  Nal(Tl)  detector  with  associated  electronics.  In  typical  cases,  a 
counting  time  of  one  hour  gave  better  chan  2%  statistical  accuracy  in 
the  11SfflIn  peak  after  removal  of  background.  In  the  course  of  this 
experimental  series,  twelve  shots  were  obtained  for  sufficiently  high 
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end  point  energies  to  yield  statistically  significant  numbers  of 
fluorescent  isomeric  activity. 

To  confirm  that  the  fluorescence  being  detected  resulted  only  from 
decay  of  the  115aIn  activity,  additional  foils  were  irradiated  and  then 
examined  with  an  intrinsic  Ge  spectrometer,  carefully  shielded.  In  Fig. 
2  we  show  spectra  from  an  In  foil  irradiated  by  bremsstrahiung  with  an 
end  point  of  1.3  MeV.  The  fluorescence  peak  is  at  336.2  keV,  with  a 
half-life  seen  to  be  consistent  with  a  tabulated  value  of  4.49  hours. 


300  350  400  450  500  550 

ENERGY  (keV) 

Figure  2:  Three  sequential  spectra  from  an  intrinsic  Ge  detector  begun 
at  times  6.5,  9.2,  and  19.0  hours  after  the  irradiation  with  a  flash  of 
bremsstrahiung  with  a  1.3  heV  end  point.  Data  have  been  offset  by  4 0, 
20,  and  0  counts/h,  respectively.  The  336.2  keS  peak  is  seen  to  decay 
with  the  appropriate  half-life  of  4.4  9  hours  for  The  other 

structure  is  the  annihilation  peak  at  511  keV . 


The  relative  bremsstrahlung  intensity  emitted  at  1078  keV  was  a 
strong  function  of  the  end  point  energy  of  the  accelerator  as  shown  in 
Fig.  3.  These  data  were  obtained  by  numerically  fitting  theoretical 
computations  of  bremsstrahlung  spectra.  As  reported  previously,13 
confidence  was  established  by  examining  quantitatively  the  number  of 
fluorescent  nuclei  produced  by  successive  irradiations  of  samples  of 
^Br  and  ^Se  at  a  variety  of  end  point  energies. 
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Figure  3:  Ploc  of  che  ratio  of  inverts  ides  of  the 
bremsstrahlung  speccrum  at  1078  keV  to  that  at  761 
keV  as  a  function  of  the  end  point  energy  of  the 
electron  beam  producing  photons. 
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Results _ 

Because  of  a  small  physical  displacement  of  the  115In  sample  from 
the  mixed  ^Br/^Se  target  providing  calibration,  the  actual  number  of 
fluorescent  photons  counted  from  the  former  had  to  be  corrected  for  the 
extra  path  length  from  the  source  point  to  the  absorber.  This  was  done 
by  mounting  thermoluminescent  diodes  (TLD's)  at  both  positions  and  then 
comparing  the  total  dose  recorded  at  the  different  points  for  each  shot. 
The  number  of  photons  from  115mIn  was  scaled  by  the  value  of  relative 
dose  received  at  the  115In  and  at  the  calibrating  positions. 

The  indium  sample  was  optically  thin  at  the  336  keV  energy  of  the 
fluorescence  from  the  115mIn,  thus  obviating  corrections  for  self-absorp¬ 
tion.  Data  were  corrected  for  fluorescence  and  detector  efficiencies. 
The  resulting  values  of  S(In)/S(Br)  are  obtained  from  Fig.  4  by  multi¬ 
plying  the  ratios  of  fluorescent  counts  shown  there  by  0.75,  the  ratio 
of  correction  factors  for  these  effects. 

The  linear  form  of  the  dependence  of  the  relative  yield  of  fluores¬ 
cence  from  the  indium  Isomers  seen  in  Fig.  4  between  1.0  and  1.45  MeV  is 
a  strong  indication  of  the  dominance  of  a  single  channel  of  excitation 
through  a  gateway  level  lying  at  an  energy  given  by  the  value  of 
intercept.  From  the  data  of  Fig.  4,  it  is  seen  that  the  intercept  lies 
between  1000  and  1200  keV  ir  agreement  with  the  known  stace  at  1078  keV. 
Also  shown  in  Fig.  4  is  the  energy  of  the  next  higher  gateway  state, 
7/2*  at  1.463  MeV.  It  is  interesting  to  observe  that  for  end  point 
energies  above  this  value  there  may  be  a  tendency  of  the  data  to  depart 
from  the  simple  linear  fit  because  of  the  availability  of  this  addition¬ 
al  gateway.  A  greater  number  of  measurements  at  successively  higher  end 
point  energies  would  be  needed  to  confirm  this  indication. 

Once  most  of  the  data  are  established  as  being  consistent  with  the 
model  of  excitation  through  a  single  level  at  1078  keV ,  Eq .  (2)  provides 
a  means  of  determining  the  absolute  cross  section  for  the  excitation. 
In  Fig.  5,  data  for  the  measured  values  on  the  left  side  of  Eq ,  (2)  are 
plotted  as  functions  of  the  relative  intensities  f(1078)  appearing  on 
the  right.17  As  can  be  seen  from  Eq .  (2),  the  best  slope  around  which 
the  data  of  Fig,  5  scatter  would  represent  our  experimental  determina¬ 
tion  of  the  product  of  the  first  two  terms  on  the  right  of  Eq .  (2). 
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Figure  5:  Plot  of  the  ratios  of  to  fluorescence 
observed  as  a  function  of  the  relative  intensity  of  irradia¬ 
tion  at  1078  keV  normalized  to  the  intensity  at  761  ke V.  The 
center  line  shows  the  least  squares  fit  Including  the  origin 
and  t he  outer  lines  bond  uncertainty  in  such  a  fit  introduced 
by  varying  the  characterization  of  the  intensities  of  Fig.  3 
over  acceptable  limits. 


From  the  linear  fit  to  the  data  of  Fig.  5  shown  as  the  center  line, 
Eqs.  (2)  and  (3),  and  the  value  of  the  integrated  cross  section  for  7,Br 
mentioned  earlier,  we  obtain 

U07SW  "  <17.3  ±  2.5)  x  10'32  cm2  (4) 

The  uncertainty  was  obtained  from  application  of  the  same  analyses  to 
the  outer  lines  in  Fig.  5  reasonably  bounding  the  scatter  from  the  least 
squares  fit  to  the  data.  The  lines  actually  shown  were  obtained  by 
determining  the  extent  to  which  data  points  of  Fig,  5  would  be  displaced 
horizontally  if  the  corresponding  abscissae  were  varied  by  the  maximum 
extent  of  the  uncertainty  in  the  value  of  f(1078)  arising  from  the 
nature  of  the  calibration  and  the  interpolations  being  employed.13  The 
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statistical  scatter  in  the  data  is  within  the  bounds  established  by  the 
uncertainty  in  intensity. 

Finally,  substituting  Eq.  (4)  into  Eq.  (3)  and  solving  for  the 

integrated  cross  section  give  for  the  1073  keV  transition  in  115In, 

irb,b0<r0r/2  -  (18.7  ±  2.7)  x  10  29  cm2  keV  (5) 

This  is  the  value  we  report  in  Table  I. 

Conclusions _ 

The  detailed  characterization  of  the  spectrum  emitted  by  the 
intense  source  of  pulsed  bremsstrahlung  described  earlier13  has  been 
found  to  be  sufficient  to  describe  the  quantitative  yield  of  the 
reaction  115In(7 , 7' )  115mIn,  for  the  value  of  integrated  cross  section 

given  by  Eq.  (5). 18  Table  I  shows  that  value  to  gree  with  some  of  the 

prior  measurements.  In  this  work  there  was  no  need  to  invoke  any 
nonresonant  reaction  channels  of  the  type  sometimes  used11  in  the 

description  of  this  reaction. 

In  addition  to  providing  further  evidence  against  the  occurrence  of 
nonresonant  reactions  in  113In,  the  results  of  this  work  have  important 
implications  for  the  calibration  of  intense  sources  of  pulsed  continua. 
By  providing  a  means  for  storing  a  sample  of  the  illuminating  intensity 
at  a  single  well-defined  energy  of  1078  keV  for  subsequent  measurement 
at  a  later,  quieter  time,  a  sample  of  115In  can  readily  complement  the 
information  supplied13*16  by  ^Br  about  the  intensity  at  761  keV.  More¬ 
over,  both  together  can  be  used  to  identify  the  component  of  excitation 
contributed  by  the  higher  energy  lines  of  ^Se  so  that  the  remainder  can 
be  used  to  characterize  the  intensities  at  lower  energies,'3 

Finally,  it  seems  this  technique  of  using  single  pulses  of  intense 
continue  to  measure  integrated  cross  sections  for  the  production  of 
measurable  populations  of  isomers  can  provide  data  of  use  in  astrophysi- 
cal  modeling.  Cross  sections  at  energies  as  low  as  1  MeV  are  quite 
large  for  such  elements  as  Se,  Br  and  In  and  might  provide  viable 
photonuclear  channels  for  the  production  of  enough  isomeric  population 
to  be  important  in  cosmic  nucleosynthesis.  It  seems  that  the  experi¬ 
ments  reported  here  give  evidence  that  it  is  possible  to  advance  the 
precision  for  the  characterization  of  (7,7')  reactions  toward  that 
enjoyed  by  other  types  of  particle  reactions  at  comparable  energies. 
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ACTIVATION  OF  "'"Cd  BY  SINGLE  PULSES  OF  INTENSE 

BREMSSTRAHLUNG _ 

by  J.  A.  Anderson,  M.  J.  Byrd,  and  C.  B.  Collins 


Fifty  years  ago  it  was  first  reported1  that  (7,7')  reactions  could 
produce  isomeric  nuclei.  It  is  interesting  to  note  that  even  after  such 
an  advance  of  technology  as  has  occurred  over  the  intervening  time, 
attempts  at  quantitative  measurement  still  do  not  converge.  Fpr 
example,  the  most  recent  three  measurements2'4  of  the  integrated  cross 
sections  for  the  reaction  111Cd(7,7' )111mCd  were  conducted  in  1979,  1982 
and  1987  with  results  of  35,  5.8,  and  14,  respectively,  in  the  usual 
units  of  10"29  cm2  keV.  Probable  errors  were  quoted  as  varying  only  from 
7  to  14%,  and  yet,  no  two  of  the  measurements  were  even  within  a  factor 
of  two  of  each  other. 

The  111niCd  isomer  at  396  keV  has  a  48.6  minute  half-life  and  is 
readily  detected  by  observing  the  150.6  keV  and  245.4  keV  gammas 
radiated  in  the  cascade  from  the  isomer.  Experimentally  this  is  an 
almost  ideal  vehicle  for  the  study  of  (7,7')  reactions,  since  the 
lifetime  of  the  isomer  is  long  enough  to  collect  a  substantial  dose  from 
a  variety  of  excitation  sources  during  the  activation  cycle  and  short 
enough  to  count  with  reasonable  signal- to -background  ratio  afterward. 
Experiments  appear  to  have  been  carefully  executed,  and  the  drastic 
disagreement  in  the  results  has  been  attributed3  to  the  controversial4 
proposal  that  some  mechanism  of  nonresonant  nuclear  absorption  dominates 
the  excitation  step.  Howe’..;.  ,  the  data  that  support  this  intriguing 
proposal3  and  the  data  that  seem  to  refute4  it  agree  only  in  indicating 
that  the  (7,7')  reaction  producing  111mCd  is  not  well  understood.2'8 

The  relevant  part  of  the  energy  level  diagram9  of  niCd  is  shown  in 
Fig.  1.  All  of  the  adopted  levels9  between  1000  and  1500  keV  are  shown 
together  with  the  gamma  transitions  that  have  been  observed10  in  reac¬ 
tions  other  than  (7,7').  Additional  transitions  to  the  1190  and  1330 
keV  levels  have  been  inferred5'6  from  (7,7')  studies,  but  those  reports 
depend  upon  the  validity  of  arguments  which  are  weakened  by  the  contro¬ 
versy.  Moreover,  even  the  existence  of  the  1330  keV  level  might 
reasonably  be  questioned,  since  it  is  based  upon  a  single  report1,  of  a 
reaction  not  dependent  upon  the  interpretations  of  (7,7')  data. 


57 


3/25/2* 


CiB  6m)  396.2 
<39ps)  3/2.1 


{8 5ns) 2/5  / 


{245. /key] 


Figure  1:  Energy  level  diagram  of  che  excited  states 
of  u^Cd  between  1000  and  1500  keV  which  may  be  impor¬ 
tant  in  the  production  of  che  48.6  m  isomer.  Also 
shown  are  all  excited  states  below  4  00  keV .  Half- 
lives  of  the  states  are  shown  Co  che  right  of  each 
state  and  known 10  gamma  crans  it  ions  are  shown  by  the 
arrows-  Populations  of  che  48.6  m  isomer  are  most 
conveniently  detected  by  che  245.4  keV  fluorescent 
transition  as  indicated . 
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For  levels  in  Fig.  1  which  might  be  excited  by  photons  with  ener¬ 
gies  in  the  range  1000  to  1500  keV,  there  are  a  number  of  possible 
cascades  to  the  11/2"  isomer  through  levels  below  1000  keV  which  are  not 
shown.  However,  no  particular  path  has  been  proposed. 

It  has  been  recently  argued12  that  the  principal  cause  of  such  a 
large  degree  of  variance  among  previous  measurements  of  isomeric 
excitation  has  been  the  generally  inadequate  level  of  characterization 
of  the  spectrum  of  the  pump  source.  In  a  subsequent  paper13  we  showed 
that  the  spectrum  from  a  pulsed  source  of  intense  bremsstrahlung  could 
be  determined  to  a  level  of  accuracy  sufficient  for  the  quantitative 
description  of  the  reactions  77Se(7 , 7'  )77mSe  and  )79mBr.  In  doing 
so,  an  important  new  channel  for  the  excitation  of  77mSe  was  found 
through  the  1005  keV,  J*  -  3/2"  level. 

Subsequently  we  reexamined14  the  reaction  115In(7,7' )115mIn  with  the 
same  pulsed  bremsstrahlung  source  used  for  the  reconciliation  of  the 
absorption  cross  sections  to  79mBr  and  ^"Se.  Results  for  1l5In  were 
found  to  be  consistent  with  that  reconciliation.  Moreover,  the  quanti¬ 
tative  value  for  the  integrated  cross  section  we  reported  was  in  good 
agreement  with  the  other  value  reported  most  recently  as  the  result  of 
excitation  with  a  radioactive  source.15  Reported  here  is  an  extension 
of  this  technique  to  the  reaction  111Cd(7,7'  )111n*Cd.  We  find  an  integrat¬ 
ed  cross  section  of  (9.8  ±  2.5)  x  10-29  cm2  keV  for  reaction  through  a 
gateway  level  near  1200  keV. 


Methods  and  Apparatus 

As  usually  reported12  the  integrated  cross  section  for  a  (7,7') 
reaction  yielding  an  isomeric  product  state  is  7rb3b0oor/2 ,  where  T  is  the 
natural  width  in  keV  of  the  pump  band;  where  the  branching  ratios  ba  and 
bQ  give  the  probabilities  for  the  decay  of  the  gateway  level  back  into 
the  initial  and  isomeric  level,  respectively;  and  a0  is  the  Breit-Wigner 
cross  section  for  the  absorption  transition, 

A2  2Ie+l  1 

(70 - - - ,  (1) 

2*  2I9+1  a?+l 
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where  A  is  Che  wavelength  in  cm  of  Che  gamma  ray  at  the  resonant  energy 
Ej ;  Ie  and  Ig  are  the  nuclear  spins  of  the  excited  and  ground  states, 
respectively;  and  ap  is  the  total  internal  conversion  coefficient  for 
the  absorption  transition. 

Unlike  our  previous  study  of  115In  from  which  this  present  work  has 
been  extended,  none  of  the  elementary  nuclear  properties  entering  into 
the  computation  of  the  integrated  cross  section  were  known  for  ’^Cd. 
Although  it  is  uniformly  assumed2'®  that  the  dominant  gateway  level  lies 
at  1330  keV,  this  is  not  strongly  supported  by  prior  data.  Early 
experiments5'6'16'17  using  bremsstrahlung  from  accelerators  with  variable 
end  point  energies  indicated  that  the  reaction  turns  on  between  1200  and 
1400  keV.  However,  the  apparent  sharpness  seen  in  some  early  data  at 
1330  keV  is  strongly  affected  by  the  logarithmic  presentation  of  a 
linear  threshold  and  the  sensitivity  of  the  instrumentation  to  low 
levels  of  activation.  In  more  recent  experiments  using  ^Co  sources, 
the  high  level  of  activation  produced  and  the  proximity  of  the  1330  keV 
level  of  111Cd  to  the  strong  1332  keV  line  of  ^Co  made  it  attractive  to 
identify  the  (7,7')  reaction  as  occurring  through  the  1330  keV  level  of 
undetermined  symmetry.  Since  the  experiments  reported  here  were 
conducted  with  an  accelerator  producing  a  known13  bremsstrahlung  spec¬ 
trum,  it  was  decided  to  try  to  determine  experimentally  the  energy  of 
the  gateway  needed,  as  well  as  the  integrated  cross  section. 

In  a  previous  report12'13  it  was  shown  that  the  uncertainty  in  the 
absolute  value  of  the  geometric  coefficient  coupling  the  source  of  pump 
radiation  to  the  absorbing  target  could  be  eliminated  by  normalizing 
both  the  pump  fluence  and  the  fluorescence  counts  to  some  standard 
arterial  having  a  monochromatic  excitation  spectrum.  The  reaction 
79Br(7,7'  l^Br  was  found  to  be  an  ideal  standard,  having  an  integrated 
cross  section  of  6.2  x  10'29  cm2  keV  and  a  convenient  radioactivity  in 
the  isomer.  Following  the  formalism  reported  earlier,13  the  number  of 
111mCd  nuclei,  S(Cd) ,  which  could  be  excited  through  a  single  gateway 
state  at.  an  energy  E  by  a  flash  of  intense  bremsstrahlung  can  be 
conveniently  expressed  as  a  ratio, 

S (Cd)  N(Cd)  fe(Cd) 

-  -  -  -  f(E)  ,  (2) 

S(Br)  N(Br)  f761£Br) 

where  S(x)  and  N(x)  are  the  number  o£  nuclei  produced  and  the  number  of 
target  nuclei  of  material  x,  respectively;  f(E)  is  the  ratio  of  pumping 
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intensity  at  the  gateway  energy  E  in  keV  to  the  intensity  at  761  keV; 
and  the  ££(x)  are  the  combinations  of  nuclear  parameters  involved  in  the 
excitation, 

(jrb.bo0or/2)E 

?E(x)  -  - ----- - L  (3) 

E 

The  collection  of  terms  in  parentheses  in  Eq .  (3)  comprises  the  inte¬ 
grated  cross  section  for  excitation  as  usually  reported,  and  the 
calibration  value  for  ^Br  is  f761(Br)  -  8.2  x  1CT32  cm2.  Still  more 
convenient  for  analysis  is  the  weighted  activation  ratio  R  obtained  by 
multiplying  Eq.  (2)  by  the  ratio  of  the  number  of  target  nuclei, 

N(Br)S(Cd)  MCd) 

R - ^ -  r (E)  (4) 

N(Cd)S(Br)  £761<Br) 

The  source  of  excitation  in  these  experiments13  was  the 
bremsstrahlung  produced  by  the  PITHON  nuclear  simulator  at  Physics 
International.  The  typical  end  point  energy  of  the  electrons  producing 
the  bremsstrahlung  was  1.3  MeV  with  small  shot- to-shot  variance.  For 
these  particular  experiments,  the  nominal  firing  parameters  were 
deliberately  perturbed  so  that  successive  irradiations  could  be  obtained 
with  end  point  energies  varying  from  1.3  to  1.54  MeV. 

Intensities  at  the  target  were  determined  by  measuring  the  nuclear 
activation  of  the  ^Br  component  of  a  sample  of  LiBr  containing  isotopes 
in  natural  abundance.  This  calibrating  target  was  run  in  a  pneumatic 
transfer  system  which  enabled  the  population  of  79m3r  produced  by  a 
single  irradiation  to  be  subsequently  counted  at  a  quiet  location 
removed  from  the  source.  Activation  lost  during  the  1.0  s  transit  time 
could  be  readily  corrected  during  analysis. 

The  ^Cd  sample  under  study  occurred  in  natural  isotopic  abundance 
in  a  thin  Cd  foil  taped  to  a  fiduciary  mark  near  the  pneumatic  system. 
Since  the  ir'mCd  had  a  substantially  longer  half-life  than  the  calibrat¬ 
ing  Br,  it  could  be  manually  detached  after  exposure  and  transferred  to 
the  spectrometer,  which  consisted  of  an  intrinsic  Germanium  detector 
with  associated  electronics.  In  typical  cases  a  counting  time  of  one 
hour  gave  better  than  5%  statistical  accuracy  in  the  area  of  tie  111mCu 
peak.  Ir.  the  course  of  tip's  experimental  series,  six  shots  were 
obtained  for  sufficiently  high  end  point  energies  to  yield  statistically 
significant  numbers  of  fluorescent  Isomeric  activity. 
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Figure  2:  Spectra  showing  Che  245  keV  line  from  the  decay  of 
111mCd.  The  spectra  were  obtained  from  an  8.02  gm.  natural  Cd 
foil  sample.  The  small  peak  near  238  ke V  is  due  to  the  decay 
of  naturally  occurring  Z1‘?b  in  the  counting  environment . 

(a)  Fluorescence  from  1,1mCd  follow ing  irradiation  with  a 
single  bremsstrahlung  pulse  having  an  end  point  energy  of  1.4 
MeV .  Counting  time  was  3600  sec. 

(b)  Fluorescence  following  excitation  with  an  end  point  of 
1.3  MeV.  Counting  time  was  2700  sec. 

To  confirm  that  the  fluorescence  being  detected  resulted  onlv  from 
decay  of  the  111raCd  activity,  the  spectra  from  irradiated  foils  were 
first  examined  for  traces  of  interference  from  the  233  keV  line  from 
21zPb  in  the  counting  environment.  The  clear  separation  of  the  233  keV 
line  from  the  245  keV  line  obtained  from  111mCd  following  irradiation 
with  a  1.4  MeV  end  point  bremsstrahlung  pulse  is  shown  in  Fig.  2(a'1.  At 
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an  end  point  energy  of  1.3  MeV,  where  the  spectral  intensity  at  the  1330 
level  in  111lBCd  should  be  negligible,  the  245  keV  line  is  weak  but 
clearly  observable,  as  shown  in  Fig.  2(b). 
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Figure  3:  Plots  showing  the  ratio  of  the  spectral  dens  icy 
at  energy  E  normalized  to  the  spectral  density  at  Che  761 
keV  gateway  of  79m Br  for  varying  end  point  energies .  The 
solid  and  dotted  lines  show  the  ratio  for  energies  E  - 
1.190  and  E  -  1.330  MeV. 

In  order  to  determine  an  experimental  value  of  the  £e(Cd)  by 
fitting  Eq .  (4)  to  measurements  of  the  fluorescence  yields  from  the 
sample  and  from  the  LlBr  calibrator,  the  relative  bremsstrahlung 
intensity  f(E)  emitted  at  E  must  be  known.  For  these  experiments,  these 
data  were  obtained  by  numerically  fitting  theoretical  computations  of 
bremsstrahlung  spectra.  As  reported  previously,13  confidence  was 
established  by  examining  quantitatively  the  number  of  fluorescent  nuclei 
produced  by  successive  irradiations  of  samples  of  ^Br  and  ^Se  at  a 
”ariety  of  end  point  energies.  The  relative  bremsstrahlung  intensity 
emitted  at  a  particular  energy  was  found  to  be  a  strong  function  of  the 
end  point  energy  of  the  accelerator;  two  examples  are  shown  in  Fig.  3. 


Results 


Because  of  a  small  physical  displacement  of  the  ^Cd  sample  from 
the  mixed  ^Br/^Se  target  providing  calibration,  the  observed  number  of 
fluorescent  photons  counted  had  to  be  corrected  for  the  different  source 
intensities.  This  was  done  by  mounting  thermoluminescent  diodes  (TLD's) 
at  both  positions  and  then  comparing  the  total  dose  recorded  at  the 
different  points  for  each  shot.  The  number  of  photons  from  111mCd  was 
scaled  by  the  value  of  relative  dose  received  at  the  inCd  and  at  the 
calibrating  positions. 

The  cadmium  sample  was  optically  thin  at  both  the  150  keV  and  the 
245  keV  fluorescence  energies,  requiring  relatively  small  factors  of 
1.645  and  1.222  for  the  self -absorption  correction.  Data  were  corrected 
for  fluorescence  and  detector  efficiencies,  as  well  as  for  variations  in 
measurement  time.  Good  agreement  waa  found  between  corrected  counts  due 
to  each  of  the  fluorescence  lines,  and  their  weighted  average  was  taken 
for  each  exposure.  The  resulting  values  of  the  weighted  activation 
ratio  R  from  Eq.  (4)  are  shown  in  Fig.  4. 

The  linear  form  of  the  dependence  of  the  relative  yield  of  fluores¬ 
cence  from  the  cadmium  Isomers  seen  in  Fig.  4  between  1..  and  1.6  MeV  is 
a  strong  indication  of  the  dominance  of  a  single  channel  of  excitation 
through  a  gateway  level  lying  at  an  energy  given  by  the  value  of  the 
x- intercept.  From  the  data  of  Fig.  4,  it  is  seen  that  the  intercept 
lies  near  1200  keV  in  agreement  with  the  known  state  at  1190  keV.  Also 
shown  in  Fig.  4  is  the  energy  of  the  next  higher  gateway  state  not 
excluded  by  an  unacceptable  J",  the  poorly  characterised  level  at  1330 
keV.  It  X3  interesting  to  observe  that  for  erid  point  energies  above 
this  value  there  seems  to  be  no  clear  tendency  of  the  data  to  depart 
from  the  simple  linear  fit  because  of  the  availability  of  this  addition¬ 
al  gateway.  A  greater  number  of  measurements  at  successively  higher  end 
point  energies  would  be  needed  to  confirm  this  indication  that  the  1330 
keV  level  has  no  particular  role  in  the  excitation  of  111mCd. 


End  Point  Energy  (MeV) 


Figure  4;  Redos  of  isomeric  f  race  ions 
produced  in  111n,Cd  co  chose  in  79™ Br ,  as  cor¬ 
rected  for  che  finite  duration  of  the 
counting  interval  and  plotted  as  a  function 
of  the  end  point  energy  of  che 
bremsstrahlung .  The  dashed  line  shows  a 
linear  fit  to  che  data  intercepting  che 
x-axls  at  a  gateway  energy  of  1.1.9  MeV. 
Excitation  energy  of  the  next  higher  gate¬ 
way  is  shown  at  1.33  MeV.  In  this  figure 
and  in  Fig.  5,  che  error  bars  for  che  two 
lease  precise  points  have  been  shown.  The 
statistical  errors  for  the  ocher  points  are 
commensurate  with  the  plotting  symbols  in 
che  figures. 
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Once  most  of  the  data  are  established  as  being  consistent  with  the 
model  of  excitation  through  a  single  level  at  1190  keV,  Eq.  (4)  provides 
a  means  of  determining  the  absolute  cross  section  for  the  excitation. 
In  Fig.  5(a)  data  for  the  measured  values  on  the  left  side  of  Eq.  (4) 
are  plotted  as  functions  of  the  relative  intensities  f(1190)  appearing 
on  the  right.  As  can  be  seen  from  Eq.  (4),  the  best  slope  around  which 
the  data  of  Fig.  5(a)  scatter  would  represent  our  experimental  determi¬ 
nation  of  the  product  of  the  first  two  terms  on  the  right  of  Eq.  (4). 
For  comparison,  the  same  approach  is  repeated  in  Fig.  5(b)  to  show  the 
difficulty  in  attempting  to  force  the  interpretation  that  the  principal 
gateway  level  is  the  state  at  1330  keV.  In  Fig.  5(b)  the  weighted 
activation  ratios  are  plotted  as  functions  of  f(1330).  It  is  difficult 
to  consider  these  data  as  approximating  a  linear  dependence  of  R  upon  f, 
and  particularly  one  which  extrapolates  to  the  origin  as  required  by  Eq . 
(4). 


From  the  linear  fit  to  the  data  of  Fig.  5(a)  shown  as  the  heavy 
line,  Eqs .  (3)  and  (4),  and  the  value  of  the  integrated  cross  section 
for  ^Br  mentioned  earlier,  we  obtain 

f,190(Cd)  -  (8.2  ±  2.1)  x  10-32  cm2  (5) 

The  uncertainty  was  obtained  from  application  of  the  same  analyses  to 
the  dashed  lines  in  Fig.  5(a)  reasonably  bounding  the  scatter  from  the 
least  squares  fit  to  the  data.  The  statistical  scatter  in  the  data  is 
within  the  bounds  established  by  the  uncertainty  in  intensity. 

Finally,  substituting  Eq .  (5)  into  Eq .  (3)  and  solving  for  the 

integrated  cross  section  give  for  the  1190  ke'v  transition  in  '’’Cd, 

wb#b0<70r/2  -  (9.8  ±  2.5)  x  10’29  cm2  keV  (6) 

This  is  the  value  we  report  in  Table  I. 
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Table  I 

Summary  of  integrated  cross  sections  reported  for  the  reaction 
111Cd(7,7')111mCd  through  a  level  near  1200  keV. 


Cross  Section  Reference 

jrbtb0ffoT/2 

(  x  10-29  cm2  keV) 


8  (+4.-0.5) 
6  ±  2 
15  +  3 
10.2  +  2.6 
35+4 

5.8  ±  0.8 
14+1 

9.8  ±  2.5 


Conclusions _ 

The  detailed  characterization  of  the  spectrum  emitted  by  the 
intense  source  of  pulsed  bremsstrahlung  described  earlier13  has  been 
found  to  be  sufficient  to  describe  the  quantitative  yield  of  the 
reaction  111Cd(7 , 7' ) 111mCd ,  for  the  value  of  the  integrated  cross  section 
given  by  Eq .  (6). 18  Table  I  shows  that  value  to  fall  within  the  inter¬ 
val  over  which  the  prior  measurements  have  scattered.  In  this  work 
there  was  no  need  to  invoke  any  nonresonant  reaction  channels  of  the 
type  sometimes  used3  in  the  description  of  this  reaction. 

In  addition  to  providing  further  evidence  against  the  occurrence  of 
nonresonant  reactions  in  ^'Cd,  the  results  r>t  this  work  have  important 
implications  for  the  calibration  of  intense  source^  of  pulsed  concinua. 
3v  providing  a  photoactivation  channel  with  a  well-defined  gacevav  at 
1190  keV,  a  sample  of  ^’Cd  can  readily  complement  the  information 
svpplied^-13  by  7,Br  about  the  intensity  at  761  keV  and  by  1,5In  at  1073 
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keV.14  Moreover,  Che  results  of  this  work  may  indicate  why  previous 
work  gave  such  disparate  results,  no  matter  how  carefully  done.  The 
most  recent  experiments3'4  with  ^Co  sources  were  strongly  model  depen* 
dent.  In  those  efforts,  the  irradiating  intensity  and  its  dependence 
upon  experimental  variables  were  assumed  to  be  a  result  of  Compton 
scattering  from  the  MCo  line  at  1332  keV  to  the  absorption  energy  at 
1330  keV.  From  Fig.  4  it  can  be  seen  that  the  actual  excitation  energy 
is  nearer  1200  keV.  In  the  ^Co  experiments,  the  intensities  at  the 
real  gateway  must  have  differed  drastically  from  what  had  been  calculat¬ 
ed  because  of  the  substantial  differences  in  energies  assumed  for  the 
gateway. 

Finally,  it  seems  this  technique  of  using  single  pulses  of  intense 
continua  to  measure  integrated  cross  sections  for  the  production  of 
measurable  populations  of  isomers  can  provide  data  of  use  in  astrophysi- 
cal  modeling.  Cross  sections  at  energies  as  low  as  1  MeV  are  quite 
large  for  such  elements  as  Se ,  Br,  In  and  Cd  and  might  provide  viable 
photonuclear  channels  for  the  production  of  enough  isomeric  population 
to  be  important  in  cosmic  nucleosynthesis.  It  seems  that  the  experi¬ 
ments  reported  here  give  evidence  that  it  is  possible  to  advance  the 
precision  for  the  characterization  of  (7,7')  reactions  toward  that 
enjoyed  by  ocher  types  of  particle  reactions  at  comparable  energies. 
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PHOTONUCLEAR  EXCITATION  FOR  THE  CALIBRATION  OF 

PULSED  BREMSSTRAHLUNG  SPECTRA _ 

by  Y.  Paiss,  C.  D.  Eberhard,  and  C.  B.  Collins 


Photoactivation,  the  absorption  of  a  high  energy  photon  to  form  an 
excited  nuclear  state,  has  been  studied  for  the  last  50  years.'  Howev¬ 
er,  only  a  few  tens  of  papers  have  appeared  in  the  literature  and  those 
dealt  only  with  the  excitation  of  relatively  long-lived  isomers.  The 
more  recent  development  of  intense  pulsed  x-ray  devices  has  made  it 
possible  to  extend  those  studies  to  the  excitation  of  isomeric  staces 
with  lifetimes  below  one  second.  This,  In  turn,  has  made  it  practical 
to  use  photonuclear  activation  as  a  means  of  quantitatively  characteriz¬ 
ing  the  spectra  emitted  by  such  sources. 

It  is  very  difficult  to  calibrate  x-ray  continuua  above  200  keV  if 
the  source  is  pulsed  for  periods  of  microseconds  or  less.  Recently  we 
suggested  a  technique  that  has  since  proven  successful2  in  which  the  (7, 
7')  reactions  are  used  to  sample  a  pump  continuum  at  discrete  energies. 
By  determining  the  activation  Induced  by  a  single  flash  of  x-rays,  the 
intensity  over  the  relatively  narrow  absorption  width  of  the  sample 
nuclei  can  be  determined.  Perhaps  the  most  surprising  aspect  of  this 
technique  is  that  usable  signal-to-noise  ratios  can  be  realized  despite 
the  modest  sizes  of  the  integrated  absorption  cross  sections  for  such 
nuclear  transitions. 

The  purpose  of  this  paper  is  to  quantify  the  photoactivation 
technique  and  to  describe  the  most  favorable  set  of  nuclear  species 
suitable  for  calibrating  pulsed  continuua  over  ranges  not  covered  bv 
existing  techniques.  To  identify  the  appropriate  span  of  energies,  it 
is  useful  to  first  review  the  extant  technology. 

1.  for  machines  capable  of  high  repetition  rates  such  that  each 
burst  is  "cheap,"  the  problem  is  particularly  tractable.  From 
every  burst,  a  small  sample  (one  photon  or  less)  of  the  radia- 
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tion  is  taken,  measured  with  a  solid  state  detector  such  as 
intrinsic  Ge ,  stored  and  added  up  over  many  bursts  to  make  a 
spectrum.  Of  course,  this  is  possible  only  if  all  bursts  are 
equivalent . 

The  second  method  of  determining  the  spectrum  of  an  x-ray 
source  utilizes  diffraction  by  a  suitable  crystal.  This 
method  is  viable  for  photon  energies  to  about  150  keV.  Above 
this,  no  crystal  gives  good  dispersion  over  a  wide  spectral 
range  because  wavelengths  are  invariably  smaller  than  lattice 
spacings.  In  a  considerable  advance  to  the  state-of-the-art, 
a  crystal  monochromator  was  recently  used  up  to  one  MeV  under 
constrained  circumstances ,3 

The  third  method  employs  the  energy  dependencies  of  the  gamma 
ray  absorption  coefficients  of  various  elements  by  analyzing 
the  response  of  thermoluminescent  devices  (TLDs)  or  emulsions 
located  behind  sample  shields  composed  of  these  elements.  One 
can  unfold  the  spectrum  from  the  TLD  responses.  Unfortunate¬ 
ly,  for  photon  energies  greater  chan  200  keV,  all  elements 
have  very  similar  ratios  of  the  absorption  coefficients  con¬ 
sidered  as  functions  of  photon  energy.  For  this  reason,  this 
method  is  limited  to  energies  less  than  200  keV.  Efforts  to 
push  this  limit  to  higher  energies  have  met  with  rather  limit¬ 
ed  success  because  they  have  required  prior  knowledge  of  the 
shape  expected  for  the  source  spectrum.4 

The  most  complex  instrumentation  for  such  measurements  is  the 
Compton  spectrometer  which  uses  time -of  -  flight  or  electromag¬ 
netic  separation  of  the  Compton  electrons.  For  quasi-relativ- 
istic  electrons,  the  cime-of - flight  technique  requires  ex¬ 
tremely  long  tubes.  However,  in  both  electromagnetic  and 
time-of-flighc  techniques,  it  is  possible  that  the  measurement 
time  will  not  be  ■ sufficiently  delayed  to  avoid  the  radiofre¬ 
quency  noise  of  the  source  machine,  compromising  the  useful¬ 
ness  of  this  device  for  large  sources  producing  many  kilo¬ 
joules  of  photons.  A  variation  of  the  Compton  spectrometer  in 
which  the  electrons  follow  helical  trajectories  may  reduce  the 
required  tube  length  by  two  orders  of  magnitude,  thus  reducing 
the  size  of  the  spectrometer,  and  delay  the  analysis  until 
after  the  machine  noise  subsides.  This  is  a  promising  method, 
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and  future  utility  may  be  expected.5  However,  since  for  each 
energy,  there  is  spread  in  the  time  of  flight,  much  data 
analysis  is  required  to  unfold  the  spectrum  from  the  response, 
and  errors  may  accumulate . 

5.  Above  1.67  MeV,  the  threshold  for  Be(7,n)  reactions,  photonu- 
clear  reaction  techniques  based  upon  neutron  activation  or 
(7,n)  reactions  may  be  used. 

Here  we  propose  to  use  the  accumulated  nuclear  data  on  photoactiva¬ 
tion  to  develop  a  calibration  technique  suitable  for  large  x-ray 
machines.  We  consider  a  small  number  of  nuclear  species  chosen  to  have 
lifetimes  from  a  fraction  of  a  second  to  several  minutes.  Longer 
lifetimes  would  mean  lower  signal -  to -background  ratios  and  thus  would  be 
of  limited  utility  for  x-ray  bursts  of  laboratory  scale.  Shorter 
lifetimes  offer  greater  sensitivities  but  at  the  cost  of  much  greater 
complexity  of  the  mechanisms  needed  to  cycle  targets  between  sites  of 
irradiation  and  measurement . 

Each  nuclear  species  being  considered  has  a  known  isomeric  level 
which  can  be  populated  through  decay  from  higher  levels.  These  gateway 
levels  above  the  isomeric  state  must  be  connected  by  electromagnetic 
transitions  to  both  the  ground  state  and  the  isomeric  state.  To  be 
useful  they  should  have  orders  of  magnitude  shorter  lifetimes  and 
therefore  much  wider  absorption  widths.  Thus  if  several  nuclear  species 
are  used,  the  determination  of  the  number  of  nuclear  isomers  formed, 
coupled  with  knowledge  of  the  electromagnetic  decay  schemes  ending  on 
the  metastable  levels,  enables  the  determination  of  the  x-ray  spectrum 
in  one  shot. 
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Resonance  Pumping  Of  Nuclei  By  X-Rays _ 

In  the  following  discussion  of  nuclear  resonance  absorption,  we 
shall  make  use  of  these  definitions: 


2If  +  1  A2  1 

2Ij  +1  In  ap  +  1 


where 


o0  -  integrated  Breit-Wigner  cross  section  for  absorption  of  a 
resonant  photon, 

Ij ,  If  “  initial  and  final  angular  momenta  of  the  nucleus,  respec- 
t  ive  ly , 

A  -  Che  photon  wavelength, 

ra  -  bar/(l+ap)  -  partial  width  of  the  excited  state  for  electromag¬ 
netic  transitions  to  the  ground  state, 

T  -  total  level  width  of  the  excited  state, 

ba  -  the  branching  ratio  of  the  excited  state  to  ground,  and 

ap  -  total  internal  conversion  coefficient  for  the  absorption 
transition.  This  nuclear  absorption  cross  section  a0  is  the  same  as 
that  used  in  the  Mdssbauer  spectroscopy  community. 

Resonant  nuclear  absorption  cross  sections  as  functions  of  the 
photon  energy  may  be  described  by  the  Breit-Wigner  formula 


aBW<E>  “ 


A2  2 1 f  +  1 

8n  21;  +  1 


(E-Er)2  +  (r/2): 


4  (  (E-Er)2  +  (T/2)2  i 

which  has  the  Lorentzian  shape.  f.ien  pumping  a  level  by  resonant 
monochromatic  radiation  where  the  linewidrh  of  the  photon  spectrum  i  <; 
much  narrower  than  the  absorption  line  and  where  its  center  coincides 
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with  the  center  of  the  absorption  line,  the  effective  absorption  cross 
section  is, 


(3) 


which  depends  only  on  the  branching  ratio  and  not  explicitly  on  the 
linewidth.  This  must  be  modified  when  irradiating  nuclei  with  a 
continuous  spectrum  which  is  conventionally  given  in  terms  of  a  flux 
per  unit  energy.  If  the  flux  is  assume  to  be  constant  over  the  width 
of  the  nuclear  absorption  line, 


^(Er)  -  4>q  photons/cm2  s  keV 


the  effective  cross  section  is  found  by  integrating  the  Breit-Wigner 
cross  section  over  the  energy, 


aefi  “  (ff/2)ff0bar  cm2  keV 

It  can  be  seen  to  increase  with  increasing  level  width. 


(5) 


In  the  region  where  the  spectrum  of  the  incident  x-rays  is  continu¬ 
ous  and  above  the  characteristic  lines  of  the  device,  this  formulation 
for  "white  pectra"  is  applicable.  An  additional  assumption  is  implicit 
In  Eq.  (5),  namely  that  the  irradiated  sample  is  assumed  to  be  thin  and 
with  no  modifications  of  the  spectrum  due  to  self - absorpcion  or  scatter¬ 
ing  within  the  target.  Here,  and  throughout  the  following  discussions, 
the  internal  conversion  (IC)  is  assumed  to  be  negligible  Exceptions 
will  be  noted. 
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As  a  point  of  nomenclature  i!  should  be  emphasized  that  in  the 
e-beam  community,  spectra  are  conventionally  described  by  the  spectral 
density  <$(E)  in  units  of  keV/keV  cm2  s  •  time  -  integrated  keV/keV  cm2 
In  this  paper,  the  flux  ^(E)  is  the  photon  flux  per  unit  energy,  which 
is  related  to  the  spectral  density  through  the  vela  ion  <&»£.>  - 

If  the  excited  gateway  state  produced  accos ding  to  Eq  (5)  then 
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One  should  note  that  the  dimensions  of  this  cross  section  are  (energy)  x 
(area)  .  The  rate  of  formation  of  the  metastable  R  in  a  layer  dx 
perpendicular  to  the  x-ray  beam  is,  then 

R  -  N0^(E)o0babor  dx  cm*2  s"1  ,  (7) 

where  N0  is  the  number  of  target  nuclei/cm3. 

To  show  that  direct  pumping  into  the  metastable  level  is  negligi¬ 
ble,  let  us  assume  that  a  nucleus  having  the  a  level  scheme  shown  in 
Figure  la  is  irradiated  by  a  white  spectrum  ^(E).  The  rate  at  which 
level  1  is  populated  ”'ia  the  gateway  state,  level  2  is  N0(£(E2)<70(2)b8bor2, 
and  the  rate  from  direct  population  is  N0^(E1)o0(l)r1 .  The  ratio  of  the 
two  population  rates  is 

N0*(d2)a0(2)  babor2  _  ^  r2 
N0*<E,)a0(l)  r,  ~ 

where 

*<E2)o0(2) 

- - b.  b0  (9) 

^(EO^d) 

The  vaiue  of  K  can  vary  by  few  orders  of  magnitude;  but,  if  level  1  is 
metastable  and  level  2  is  not,  the  quantity  (r2/Ti)  is  a  very  large 
number.  This  fact,  as  described  in  the  previous  reports,2  is  the  reason 
for  looking  for  indirect  pumping,  or  bandwidth  tunneling  through  a 
gateway  state.  Direct  population  of  the  isomeric  level  is  practically 
nonexistent. 

When  the  lifetime  of  the  metastable  state  is  long  compared  to  the 
duration  of  the  excitation  pulse,  as  it  is  in  the  current  application, 
the  rates  may  be  integrated  over  time  so  that  concentrations  and  time 
integrated  spectra  are  used.  If  more  than  one  excited  state  can  funnel 
population  into  the  metastable  state,  then  the  equation  for  the 
raetastable  population  becomes  more  complicated.  A  typical  level  scheme 
of  this  type  is  shown  in  Figure  lb.  It  N  is  the  concentration  of 
metastable  nuclei  formed  by  a  particular  nuclear  species,  then  for  each 
nuclear  species  we  may  write 

N  -  N’  Z.  a.  <fl(E.)  ,  ■  i'>i 


Figure  1(a):  Energy  level  diagram  of  a  single  gateway  isotope. 

(b) :  Energy  level  diagram  of  a  multiple  gateway  is  tope. 

where 

0(  -  the  cross  section  for  the  activation  oj  ^he  metastable 
state  by  the  absorption  of  a  photon  leading  to  the  i‘h  excited  state 
followed  by  decay  to  the  metastable  state,  as  defined  in  Eq ,  (6), 

E,  -  the  energy  relative  to  the  ground  state  of  the  1th  excited 
state,  and 

^(Ej)  -  the  time  integrated  photon  flux  per  unit  energy  at  E,  . 
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The  summation  over  i  is  the  summation  over  the  gateway  states,  and 
a  few  restrictions  must  be  appreciated.  The  energy  of  the  gateway 
state,  Ej ,  must  be  lass  than  the  end  point  energy  of  the  x-ray  machine. 
Deexcitation  may  occur  by  direct  decay  to  the  metastable  state  or  by  a 
cascade  to  the  metastable  state  and  may  be  accompanied  by  the  emission 
of  photons  or  conversion  electrons.  In  addition,  there  are  other 
competing  decay  schemes  not  involving  the  metastable  level.  Each 
nuclear  species  must  be  evaluated  separately.  In  the  event  of  several 
possible  cascade  paths,  the  relative  probabilities  of  the  different 
chains  must  be  summed  to  determine  b# ,  the  branching  ratio  for  decay  to 
the  metastable. 

The  most  desirable  situation  is  one  in  which  each  nuclear  species 
has  only  one  possible  funneling  level  in  the  range  of  energies  covered 
by  the  source  spectrum.  Then  the  intensity  of  the  x-ray  machine  at  the 
particular  energy  Ej  of  the  gateway  could  be  found  simply  by  dividing 
the  concentration  of  metastables  formed  (which  is  measurable)  by  the 
product  of  the  known  cross  section  a  and  the  number  of  exposed  target 
nuclei  to  find  the  value  of  <^(Ej). 

When  calibrating  spectra  in  the  region  between  433  and  1191  keV,  we 
can  make  use  of  the  isotopes  in  which  this  arrangement  exists.  The 
values  of  <^(Ej)  are  found  and,  together  with  the  known  end  point  energy, 
yield  four  points  on  the  spectrum.  Using  this  spectrum  as  a  first 
approximation,  additional  data  points  obtained  from  the  analysis  of  the 
activation  of  isotopes  with  more  complicated  level  systems  can  be  used 
to  provide  a  better  fit  of  the  spectrum  produced  by  the  machine. 

The  data  shown  in  Tables  I  and  II  have  been  taken  from  the  most 
recent  Nuclear  Data  Sheets  dealing  with  these  mass  numbers6  10  and 
supplemented  by  the  results  of  recent  experiments,  as  indicated. 
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Table  I 


Properties  of  single  gateway  isotopes 


E(keV) 

Jw 

b0 

(metastable) 

b. 

(ground) 

a(  10*29cm2-keV) 

A.  Properties6  of  ^Br 

761 

7/2- 

0.035 

0.337 

6.0 

207* 

9/2+ 

0 

3/2- 

B.  Properties7  of  ^Cd 

1190 

1/2+ 

9 . 8  (measured) 12 

396* 

11/2- 

0 

1/2+ 

*Meta«teble  level 

The  Single  Gateway  Isotopes 

The  properties  of  the  isotopes  possessing  only  a  single  gateway 
state  below  1.3  MeV  are  summarized  in  Table  I.  Simple  calculations  as 
described  above  can  yield  the  time* integrated  photon  flux  at  the  energy 
of  the  gateway  states  from  a  measurement  of  the  number  of  isomeric 
nuclei  produced  by  an  irradiation. 

Unfortunately,  of  the  candidate  isotopes  described  in  Table  I,  only 
^Br  can  be  recommended  in  an  unqualified  manner  for  use  in  calibrating 
high  flux  devices.  Experience  with  ^Br  indicates  that  it  is  indeed 
very  useful  in  calibrating  high  flux  devices.2'10'11  The  energy  levels 
are  known,  and  the  branching  ratios  of  the  electromagnetic  transitions 
hava  been  measured. 

Experimental  data  has  been  accumulated  about  the  properties  of  the 
lowest  gateway  state  of  inCd.  Although  inCd  has  not  yet  been  used 
extensively  in  calibrations ,  the  data  indicates  chat  this  isotope  may 
become  very  useful  in  providing  one  of  the  high  energy  points  on  th' 
spectrum . 12 
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Table  II 

Properties  of  multiple  gateway  isotopes 


E(keV) 

J* 

b0 

b. 

j(10'N  cm2-keV) 

A.  Properties8  of  113In 

1191 

7/2+ 

0.216  x  10‘2 

0.979 

4.42  x  10'2 

1131 

5/2+ 

0.141 

0.850 

10.2 

1024 

5/2+ 

0.105 

0.895 

2.62 

392* 

1/2- 

0 

9/2+ 

B.  Properties9  of  115In 

1078 

5/2+ 

20  (measured)11 

941 

5/2  + 

0.102 

0.898 

7.20  x  10*1 

934 

7/2+ 

2.3  x  IQ*5 

1.000 

6.5  x  10“5 

336* 

1/2- 

0 

9/2+ 

C.  Properties10  of  ^Se 

1005 

3/2- 

30  (measured) 

433“ 

1.7  x  10"29 

162* 

7/2+ 

0 

1/2- 

•Metastable  level 

aThe  effects  of  the  transitions  at  250  keV,  440  keV  and  81*?  keV  have 
been  combined. 1^ 


The  Multiple  Gateway  Isotopes 


In  addition  to  the  single  gateway  isotopes  described  above,  we  have 
considered  three  having  multiple  gateway  states  in  the  region  below  1? 
MeV.  These  are  also  shown  in  Fig.  2  together  with  the  single  gateway 
isotopes.  The  properties  of  '1JIn,  115In,  and  ^Se  are  summarized  in 
Table  IT. 

The  usefulness  of  113In  is  compromised  by  its  low  jbundance  of  6.3% 
compared  with  its  more  useful  partner  115In  (95.7%).  Since  both  isotopes 
yield  information  about  the  spectrum  around  1  MeV,  it  is  more  practical 
to  use  the  information  derived  from  115In  activation. 
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Figure  2:  Single  and  multiple  gateway  isotopes  proven  useful  in 

calibrating  pulsed,  broadband  x-ray  sources. 


In  analyzing  the  115In  data,  the  contribution  due  to  the  weak 
absorption  line  at  933.8  keV  for  which  a  -  6.5  x  10'34  cm2  keV  is 
considered  negligible  compared  to  that  of  the  stronger  line  at  9tl  keV 
for  which  a  -  0.720  x  10*29  era2  keV.  However,  both  are  usually  negligi¬ 
ble  in  comparison  to  contribution  of  the  1078  keV  absorption  line  whose 
measured  cross  section11  is  20  x  10-29  cm2  keV .  In  this  respect  115In  may 
be  considered  a  single  gateway  isotope. 

Thus  far,  the  isotopes  79Br,  '^Cd,  and  113In  described  above  are  all 
useful  for  providing  calibrations  of  the  photon  flux  at  energies  in 
excess  of  761  keV.  To  obtain  an  estimate  of  the  flux  at  lower  energies, 
it  is  necessary  to  utilize  an  isotope  with  a  more  complex  excitation 
scheme  The  isotope  ^Se  has  four  low  energy  absorption  lines  at  25 0, 
“44*0 ,  521,  and  813,  as  well  as  the  higher  energy  transition  cl  1 00j  kev. 

These  may  be  used  to  sample  the  low  energy  photon  flux.10 
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Derivation  Of  The  Spectrum 


Let  us  now  consider  the  results  that  would  be  obtained  from  expos¬ 
ing  optically  thin  targets  composed  of  individual  samples,  each  1  gram, 
of  the  isotopes  described  in  Tables  I  and  II,  to  a  pulse  of  high 
intensity  bremsstrahlung  such  as  might  be  produced  by  a  nuclear  simula¬ 
tor  of  the  type  used  in  a  preliminary  demonstration  of  the  meth¬ 
od  .  2« 10<11  < 13  Specifically  we  assumed  a  typical  burst  from  the  DNA/P1TH0N 
high  flux  x-ray  device  operating  with  an  end  point  energy  of  1.35  MeV. 
The  spectrum  used  to  calculate  the  expected  yields  of  metastables  is  a 
three-point  average  result  from  the  TIGER  code  Monte  Carlo  simulation 
for  a  target  distance  of  3  cm.  This  spectrum  is  shown  in  Fig.  3.  It 
should  be  noted  that  the  output  of  the  TIGER  code  becomes  time  - integrat - 
ed  spectral  density,  that  is,  keV/keV  cm2  which  must  be  converted  into 
the  time  -  integrated  flux  *  of  Eqs .  (4)  through  (10)  which  is  the  number 
of  photons  per  keV  per  unit  area,  or  keV*1  cm"2.  When  the  measured 
counting  rate  of  the  decay  of  the  metastables  has  been  corrected  for 
finite  counting  time,  efficiency  of  a  typical  detector  (including 
geometry)  and  any  time  lapse  between  excitation  and  counting,  the  total 
number  of  mecastables  activated  can  be  determined. 

The  photoactivation  cross  sections  of  ^’Cd,  115In,  and  ^Se  have 
been  measured  experimentally.10'11'12  The  effective  cross  sections  shown 
in  Tables  I  and  II  were  used  with  Eq.  (10)  to  generate  the  number  of 

metastables  formed.  The  uncertainties  were  generated  by  the  standard 

uncertainty  in  the  number  of  counts  which  would  be  observed  The 

numbers  of  target  nuclei  were  calculated  for  an  optically  thin  target  of 
1  gram  in  the  natural  isotopic  abundances.  The  results  of  these 
calculations  are  shown  in  Table  III.  For  115In  and  ^Se,  all  of  the 
gateway  states  described  in  Tables  1IB  and  IIC  were  used  to  generate  the 
number  of  metastables  formed. 

The  flux  at  761  keV  may  be  found  immediately  as  the  quotient 
0(761)  -  -  (1568  ±  8.3)  x  10«  cm'2  keV'1  .  (11) 

Similarly  from  the  activation  of  1 1 1  Cci ,  the  flux  at  1150  ’eV  is 

found  to  be 

*(1190)  -  (  156  t  4.8)  x  108  cm'2  keV1  (12; 
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Figure  3:  A  sample  calibration  of  the  DSA/PITUOR  device.  The  solid 
line  represents  the  flux  as  calculated  with  the  TIGER  honte  Carlo  code. 
The  circles  represent  the  values  of  the  flux  which  would  be  obtained 
using  the  calibration  method  presented  in  this  paper.  The  uncertainty 
due  to  counting  statistics  is  approximately  1% . 
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Parameters  leading  to  the  calculated  number  of  metastables 


Isotope 

N0 

Egateway(keV) 

Nmeta 

^Br 

3.82 

X 

1021 

761 

3.59 

X 

104  ± 

190 

1"Cd 

6.86 

X 

1020 

1190 

1.049 

X 

O 

Ui 

1+ 

32 

"Sin 

5.02 

X 

1021 

934,941,1078 

3.70 

X 

M 

O 

1+ 

192 

^Se 

5.80 

X 

1020 

433,1005 

1.70 

X 

104  ± 

130 

If  the  absorption  in  "5ln  is  attributed  only  to  the  absorption  line 
at  1078  keV,  the  flux  at  1078  keV  is  also  given  by  a  simple  quotient, 

*(1078)  -  (369  ±1.9)  x  10s  cnf2  keV"1  .  (13) 

This  simple  approach,  which  attributes  the  contribution  of  the  absorp¬ 
tion  at  941  keV  to  the  1078  keV  state,  overestimates  the  flux  at  1078 
keV  by  only  about  7%,  which  justifies  the  use  of  the  "one-line  approxi¬ 
mation.  " 

It  is  not  possible  to  make  this  simplifying  assumption  in  the  case 
of  ^Se.  However,  if  the  three  lowest  absorption  lines  are  combined 
into  a  weighted  average,10  the  result  is  equivalent  to  a  single  absorp¬ 
tion  line  at  433  keV  with  an  effective  cross  section  of  1.7  x  10“29  cm2 
keV.  The  flux  at  1005  keV,  the  principle  absorption  line,  may  be  found 
by  linear  interpolation  between  the  data  at  761  and  1078  keV.  Then  the 
flux  at  433  keV  may  be  inferred  after  the  contribution  of  the  1005  keV 
absorption  line  has  been  subtracted  from  the  total.  This  provides  a 
useful  low  energy  estimate.  Numerically,  in  ^Se  the  number  of 
metastables  found,  Nmeta ,  is  derived  from  the  equation 

^meta  "  No[(*ct)2S0  +  (*ct)  480  +  (*<7)813  +  (*a)  1005]  (14a) 

-  (9628  ±  9.8)  x  102  .  (14b) 

However,  in  order  to  use  the  simplification  of  combining  the  lower 
energy  absorption  lines,  N^g  is  assumed  to  be  given  by 


(^a)<;33  +  (*<7)1005] 


(15) 
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The  flux  at  1005  keV,  found  by  linear  interpolation  between  the  values 
obtained  at  761  keV  by  ^Br  activation  and  1078  keV  by  115In  activation, 
is  (646  ±  8.5)  x  10®  cm"2  keV"1,  and 

No(^)l005  "  (H2.4  ±1.5)  X  102  .  (16) 

When  this  value  is  substituted  into  Eq.  (15)  and  the  weighted  cross 
section  of  the  combined  transition  is  used,  the  value  of  the  flux  at  433 
keV  is  found  to  be  6.22  x  1011  ±  198  cm"2  keV"1  which  is  in  extremely  good 
agreement  with  6.17  x  1011  cm"2  keV"1 ,  the  value  obtained  by  linear 
interpolation  of  the  results  of  the  TIGER  code. 

The  derived  values  at  433,  761,  1005,  1078  and  1190  keV  are  also 
shown  on  Fig.  3. 

Experimental  Procedure 


The  irradiated  target  used  for  resonant  absorption  is  nevertheless 
a  Compton  scatterer.  Since  Compton  scattering  in  the  absorber  can 
scatter  off -resonance  gammas  into  the  resonance  bandwidth,  the  total 
absorption  depends  on  the  physical  dimensions  of  the  absorber.  When  the 
Klein-Nishina  equation  is  used  to  calculate  the  ratio  of  the  Compton 
scattered  flux  to  the  original  flux  within  the  resonance  line,  this 
ratio  is  found  to  be  around  unity  for  an  infinitely  thick  bromine  target 
and  a  1  to  2  MeV  end  point  x-ray  machine.  The  Doppler  broadened 
resonance  absorption  cross  section  for  strong  lines  is  in  the  range  of 
hundreds  of  kilobams  while  the  Compton  cross  section  is  of  the  order  of 
bams,  A  thin  target,  whose  depth  is  only  a  few  mean  free  paths  for 
resonance  absorption,  will  scatter  only  a  negligible  number  of  photons 
into  the  resonance  line.  Thus  bromine  target  having  only  a  few  mg/cm2 
thickness  will  absorb  the  photons  from  the  original  beam  almost  exclu- 
s  ive  ly . 

Therefore,  a  recommended  procedure  would  be  to  place  thin  targets 
of  the  isotopes  in  the  volume  in  which  we  want  to  measure  the  spec- 
trum.2'10'11  Nuclei  with  short-lived  metastable  states  could  be  located 
in  "rabbits,"  targets  which  are  pneumatically  transferred  out  of  the 
noisy  irradiation  environment.  After  irradition,  these  rabbits  would  be 
propelled  into  counting  facilities  where  the  spectra  of  the  gammas 
produced  by  the  decay  of  the  metastable  levels  would  be  determined.  By 
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extrapolating  the  decay  of  metastable  population,  the  initial  number  of 
metastables  could  be  determined.  These  initial  numbers  would  then  be 
used  in  the  data  analysis  to  provide  an  estimate  of  the  output  spectrum 
of  the  x-ray  machine.  When  used  in  the  intense  x-ray  machines,  the 
intensities  would  be  sufficient  to  calibrate  the  machine  on  a  single 
shot  basis  at4*5  discrete  energies  using  the  data  of  Tables  I  and  II. 


Problems  To  Be  Solved 


Attempts  to  extend  the  resolution  of  this  method  by  increasing  the 
number  of  sampled  energies  are  frustrated  at  the  present  time.  In 
principle,  intensities  can  be  determined  at  three  more  energies,  659, 
598,  and  1229  keV,  by  adding  191Ir,  193Ir,  and  87Sr  to  the  target  sample, 
but  only  after  the  integrated  cross  sections  for  the  excitation  of  the 
respective  isomers  are  remeasured  to  a  high  level  of  precision.  Then, 
photonuclear  activation  can  yield  an  eight  point  sample  of  the  sp<-  rcral 
intensity  radiated  in  a  single  flash  of  bremsstrahlung  spanning  the 
range  of  photon  energies  from  400  to  1400  keV. 

In  spite  of  the  accumulated  research  data,  the  excitation  energies 
of  some  potential  gateway  levels  for  additional  samples  are  not  well 
defined  nor  have  their  angular  momentum  and  parity  assignments  been 
determined.  Even  in  cases  where  the  energies  of  the  levels  are  known, 
until  recently10  no  straightforward  method  has  existed  to  evaluate  the 
level  width  from  this  knowledge  because  different  models  yield  very 
different  calculated  transition  probabilities.  For  example,  the  single 
particle  Weisskopf  model  sometimes  overestimates  the  transition  proba¬ 
bility  for  El  transitions  by  more  than  five  orders  of  magnitude  and 
underestimates  some  E2  transitions  by  two  orders  of  magnitude.  In  some 
promising  cases,  such  as  197Au,  the  connecting  gamma  transitions  have  not 
been  identified,  although  the  activation  of  197Au  has  been  reported.13 

There  are  many  discrepancies  in  other  systems  which  initially 
appear  attractive.  When  dealing  with  distorted  nuclei,  an  additional 
set  of  selection  rules  governing  transitions  exists.  The  contributions 
of  indirect  reactions,  such  as  pair  production  which  provides  positrons 
which  in  turn  make  inelastic  collisions  with  K  electrons  at  the  same 
time  producing  energy  to  excite  the  isomeric  state,14  must  be  evaluated. 
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By  solving  the  above  problems  either  theoretically  or  experimental¬ 
ly,  it  is  possible  to  apply  the  nuclear  methods  to  measure  the  charac¬ 
teristic  spectral  intensity  of  the  output  of  a  large  x-ray  machine 
within  a  few  minutes  after  a  single  shot  with  considerably  better 
resolution  than  has  been  reported  in  preliminary  reports .  2,10,11,13 
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Because  electromagnetic  transitions  tend  to  occur  with  small 
changes  of  angular  momenta,  (7,7')  reactions  have  the  potential  of 
offering  insights  into  nuclear  structure  that  could  be  rather  unique. 
Although  tho  literature  on  such  reactions  spans  nearly  50  years,1 
experimental  results  are  disappointing  when  measured  against  the  levels 
of  precision  routinely  achieved  with  other  types  of  processes  at  low 
energies.  The.  cross  sections  for  (7,7')  reactions  are  often  small  in 
cases  where  the  product  is  required  to  have  a  lifetime  convenient  for 
detection,  and  so  intense  sources  or  accelerators  must  be  used.  In 
turn,  these  are  poorly  characterized;  and  it  has  been  argued2'3  that  the 
cause  of  the  general  lack  of  agreement  in  the  results  reported  for 
(7  >7')  reactions  has  been  the  deviation  of  the  pump  spectrum  from 
expectations . 

Only  recently  has  technology  been  able  to  support  the  direct 
measurement2*3  of  the  spectrum  of  a  pulsed  source  of  bremsstrahlung 
sufficiently  intense  in  the  0.5  -  1.5  MeV  range  to  insure  a  product 
yield  large  enough  for  accurate  characterization  of  the  (7,7')  reactions 
being  excited.  With  such  a  system  it  was  found  that  both4 
115In(y  ,  7 '  )  115mIn  and5  111Cd(7 , 7 '  )  111mCd  occurred  through  the  resonant 
excitation  of  a  state  near  1  MeV  broadened  by  its  relatively  short 
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lifetime  as  would  have  been  reasonably  expected  but  has  been  recently 
disputed. The  sharp  onset  of  the  (7,7')  reaction  with  increasing 
energy  of  the  7  relegated  to  less  than  3%  any  contributions  from 
nonresonant  channels  that  are  sometimes  considered  dominant.6*7,8  Thus 
it  can  be  reasonably  concluded  that  the  results  of  the  studies  of  the 
(7,7')  reactions  in  ^®In  and  ^Cd  were  able  to  convey  information  about 
the  particular  gateway  state  in  each  system,  namely  that  it  was  reason¬ 
ably  well-connected  by  radiative  transitions  to  both  initial  and  final 
states  of  the  reaction. 


The  integrated  cross  sections  for  excitation  of  the  isomers  such  as 
those  of  115In  and  ^Cd  are  usually  expressed  as  jrbab0cror/2 ,  where  T  is 
the  natural  width  in  keV  of  the  i-th  pump  band, 

r  -*/rp  ,  (1) 

and  the  branching  ratios,  ba  and  b0,  give  the  probabilities  for  the 
decay  of  the  broad  level  back  into  the  initial  and  fluorescence  level, 
respectively.  The  pump  energy  E1  is  in  keV  and  aQ  is  the  Breit-Wigner 
cross  section  for  the  absorption  transition, 


A2  2Ia+l  1 

2jt  2Ig+l  ap+l 


(2) 


where  A  is  the  wavelength  in  cm  of  the  gamma  ray  at  the  resonant  energy, 
Ej ;  Ie  and  Ig  are  the  nuclear  spins  of  the  excited  and  ground  states, 
respectively;  and  ap  is  the  total  internal  conversion  coefficient.  Cross 
sections  for  the  archetype  cases  of  115In  and  ^Cd  were  of  the  order  of 
10  in  the  conventional  units  of  10-29  cm2  keV.  Such  values  for  excita¬ 
tion  through  a  gateway  near  1  MeV  are  characteristic  of  products  of 
branching  ratios  bab0  somewhat  degraded  from  the  optimal  value  of  0.25. 
One  transition  is  primarily  responsible  for  the  favorable  width  of  the 
gateway;  and  the  other  is  parasitic,  contributing  lesser  additional 
width.  Whether  this  is  simply  coincidental  for  these  two  cases  or  the 
result  of  a  general  principle  is  not  known. 


Very  early  data9*10  indicated  that  yields  from  (7,7')  reactions 
increased  as  higher  energy  gateway  states  were  accessed.  Evidence  was 
accumulated9' 10  in  the  form  of  increases  in  the  slopes  of  curves  showing 
product  yields  as  functions  of  the  end  point  energies  of  the 
bremss  trahlung  used  to  pump  the  reactions,  but  the  changes  were  not 
dramatic.  Morever,  the  more  recent  insistences6,7  that  nonresonant 
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channels  dominated  such  excitations  cast  some  doubt  on  the  appropriate 
interpretation  of  that  early  data. 

Systematic  studies11  have  shown  that  collective  octupole  oscilla¬ 
tions  of  the  nuclear  core  can  unhinder  El  transitions,  making  very  short 
lived  states  available  for  (7,7')  reactions  excited  from  ground  states 
at  energies  between  1  and  2  MeV.  However,  the  literature12  suggests 
that  the  branching  from  such  a  collective  state  would  almost  entirely 
favor  the  initial  transition  so  that  a  diminishing  product,  bab0,  would 
largely  offset  the  greatly  increased  width  r  in  expressions  for  the 
integrated  cross  section  for  a  (7,7')  reaction  excited  through  such  a 
collective  state.  Such  an  expectation  is  supported  by  the  early  data 
mentioned  above. 


Since  the  density  of  states  is  considerably  elevated  at  energies  of 
1  to  2  MeV  above  the  ground  state,  an  alternate  hypothesis  is  attrac¬ 
tive.  A  strong  octupole  oscillation  of  the  core  might  serve  to  mix 
enough  single  particle  states  so  that  radiative  branches  to  several 
different  lower  levels  might  become  comparable.  In  this  case  a  very 
large  integrated  cross  section  of  (7,7')  reactions  producing  isomers 
from  ground  state  nuclei  might  be  found  to  be  only  slightly  dependent 
upon  the  detailed  single  particle  assignments  of  neighboring  nuclei. 
Just  such  an  effect  is  reported  here.  Integrated  cross  sections  of  the 
order  of  10,000  in  units  of  10"29  cm2  keV  are  reported  for  the  excitation 
of  Isomers  of  ^Cd,  113In  and  115In  through  resonant  gateways  pumped  by 
bremsstrahlung  from  a  linear  accelerator  producing  most  of  its  intensity 
near  2  MeV. 
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Experimental  Procedure 


Figure  1  shows  the  energy  level  diagram  for  the  three  nuclei  of 
interest  in  these  experiments,  ^Cd,  113In  and  1isln,  together  with  the 
lifetimes  of  the  isomers  and  the  transitions  convenient  for  detection. 
Excited  states  of  the  111 Cd  result  primarily  from  promotion  of  the  odd 
neutron,  while  those  of  the  In  isotopes  arise  from  the  odd  proton.  The 
two  indiums  differ  only  by  a  pair  of  neutrons,  implying  that  their 
energy  levels  and  angular  momenta  assignments  should  be  very  similar, 
while  those  of  the  cadmium  are  quite  different,  as  seen  in  Fig.  1. 

In  these  experiments,  foils  were  used  containing  natural  isotopic 
abundances  of  12.8,  4.3  and  95.7%,  respectively,  for  the  ^Cd,  113In  and 
11sIn  isotopes.  Two  complex  target  assemblies  including  thin  rectangular 
samples  of  indium  and  cadmium  were  exposed  to  the  output  of  a  Varian 
Clinac  1800  linear  accelerator  at  the  Department  of  Radiology  of  the 
University  of  Texas  Southwestern  Medical  Center.  This  linear  accelera¬ 
tor  has  an  end  point  energy  of  6  MeV . 

The  indium  sample  was  irradiated  for  121  minutes,  and  the  cadmium 
sample  for  240  minutes.  The  foils  were  removed  to  the  counting  facility 
at  the  Center  for  Quantum  Electronics  at  the  University  of  Texas  at 
Dallas,  where  the  decay  of  the  isomeric  products  of  the  (7,7')  reactions 
were  measured  with  an  HPGe  spectrometer  system.  Orly  the  results  from 
indium  and  cadmium  will  be  considered  in  this  paper,  although  ocher 
isomers  were  produced  in  additional  foils  in  the  target  package. 
Figures  2  and  3  show  the  measured  counting  rates  as  a  function  of  time 
By  experimentally  measuring  the  decay  of  the  count  rate,  the  decay 
constant  of  the  observed  peaks  was  determined  in  order  Co  verify  the 
identity  of  the  peaks. 
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( Opposice )  Energy  Level  diagrams  of  the  excited  states  of 


and  115In 
Half ■ L i ves 


important  in  the  production  of  populations  or  the 
of  the  states  are  shown  to  the  right  of  each,  and 


isomers . 

sequences  of  ( 7,7 ')  reactions  leading  to  the  isomei  are 
arrows.  Dashed  7 
through  levels  not 
formed  in  this  work  is  implied  by  the  rectangle  at  the  higher  ... ergi 
of  each  svstem. 
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shown.  The  greater  width  of  the  new  gateway  state 
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Figure  2:  Three  sequential  spectra  from  an  intrinsic  Ge  detector  emphasizing 

the  lower  range  of  energies  shown.  The  elapsed  time  from  che  end  of  the 
irradiation  to  che  start  of  each  of  the  counting  intervals  of  123,  600,  and  600 
m  was  75  ,  2  03,  and  1331  m  for  Runs  1,  2  and  3,  respectively.  Data  have  been 
offset  vertically  for  clarity. 
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Figure  3:  Continuation  of  Che  spectra  of  Fig.  2  Co  Che  higher  energy  range  shown 
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During  the  irradiation  of  a  target  which  is  thin  in  comparison  to 
the  mean  free  path  of  a  pump  photon,  at  time  t  the  total  number  of 
metastables  formed  of  a  given  isotope,  N„(t),  is  given  by 


Nn(t)  -  N0r  [Z(o*)t]  [1  -  exp(-t/r ) ]  (3) 


where 


N0  -  the  total  number  of  target  nuclei, 
t  -  (r1/2/ln2)  -  the  natural  lifetime,  and 

-  ()rbab0(7or/2)  j  -  the  product  of  the  effective  cross 
section  for  the  excitation  and  subsequent  decay  to  the  isomer  of  the  ith 
gateway  state  located  at  the  energy  Ej  and  the  flux  of  photons  with 
energy  E; .  The  summation  is  carried  out  over  the  gateway  states  below 
the  end  point  energy  of  the  oremsstrahlung  spectrum. 

After  the  samples  have  been  irradiated  for  a  time  T  and  removed 
from  the  irradiation  source,  the  total  number  of  counts  accumulated  in 
the  interval  from  T,  to  Tz  is  given  by 


AC  -  K  Nm(T)  exp (-Vr)  (1  -  exp  (  -(Tj-T, ) / r  ) 


(*> 


where  is  the  time  elapsed  from  the  end  of  the  irradiation  to  the 
beginning  of  the  counting  interval,  and  K  is  the  net  detection  efficien¬ 
cy  factor.  By  measuring  the  accumulated  counts  in  a  given  time  interval 
and  correcting  for  detector  efficiencies,  branching  ratios,  and  self 
absorption.  Nm(T)  may  be  determined.  If  the  photon  spectrum  is  known, 
the  effective  integrated  cross  section  may  be  extracted. 

The  shape  of  the  expected  output  spectrum  of  the  linear  accelerator 
as  calculated  by  Monte  Carlo  methods13  is  shown  in  Fig.  A.  The  function 
describing  the  probability  per  unit  energy  for  the  emission  of  a  photon, 
F(E),  is  normalized  such  that  the  integral  under  the  curve  is  unity.  In 
usage  it  must  be  multiplied  by  the  total  photon  flux  density  of  the 
linear  accelerator  which  was  1.7A  x  1012  photons/cm2  min  for  Che  indium 
exposure  and  1 . 5A  x  1012  photons/cm2  min  for  the  cadmium  exposure.  The 
spectrum  has  been  shown  to  be  quite  uniform  over  the  field  of  exposure 
used  in  the  irradiation,  becoming  somewhat  harder  near  the  beau,  center¬ 
line  . 14 
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Results 


The  total  numbers  of  metastables  formed,  Nm(T) ,  are  listed  below: 


Nn<121 

min) 

-  2, 

,86  x 

107 

for 

115In 

(5a) 

Nm(121 

min) 

-  4. 

61  x 

10s 

for 

113In 

(5b) 

Nm(240 

min) 

-  8 

,  24  x 

106 

for 

’"Cd 

(5c) 

The  2.2  g  indium  foil  contained  1.10  x  1022  nuclei  of  115In  and  4.60 
x  1020  nuclei  of  113In.  The  isotope  115In  has  a  known  gateway  state4  at 
1078  keV  for  which 

(*bab0o0r/2)  -  20  x  1CT29  cm2  keV  (6) 

The  contribution  of  the  absorption  at  the  relatively  narrow  gateway  at 
941  keV  is  negligible  compared  to  that  at  1078  keV, 

The  isotope  113In  has  gateways  at  1024,  1131,  and  1191  keV  for  which 
(Tbab0cror/2)  is  2.62,  10.2,  and  0.044  in  units  of  10'29  cm2  keV  respec¬ 
tively.14  These  cross  sections  are  estimates  based  on  Breit-Wigner 
cross  sections  and  measured  lifetimes  taken  from  the  Nuclear  Data 
Sheets.  Figure  4  shows  that  the  flux  is  nearly  constant  at  7.5  x  10s 
photons/cm2  min  keV  in  this  region  so  that  the  three  gateways  may  be 
combined  into  a  single  gateway  for  which 

(*babaaor/2)  -  12.9  x  10‘29  cm2  keV  (7) 

The  isotope  ^'Cd  has  been  found  to  have  a  gateway  state5  at  1191 
keV  for  which  the  effective  cross  section  is  given  by 

(*bab0cr0r/2)  -  9.8  x  lO’29  cm2  keV  (3) 

The  summation  in  Eq .  (3)  may  be  decomposed  into  a  contribution  fur 

the  known  gateway(s)  below  1.3  MeV  plus  another  terra  (o< t>)x  representing 
an  unknown  gateway  state  above  1.3  MeV.  that  is, 

(Nm(T)/Ncr)  -  Uo*)knOMn  +  [1  -  e<"r/,) ) 
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When  the  known  parameters  of  115In  are  substituted  into  Eq .  (7),  the 
(0$)  products  are  found  to  be 

Wknoan  “  1-5  x  lO'1’  min*1  ,  (10) 

which  is  negligible  compared  to  the  contribution  to  the  summation  from 
the  unknown  gateway  state(s)  obtained  by  substituting  the  results  of  Eq. 
(5a)  into  Eq.  (3)  and  solving  for  (<7<&)x,  namely 

(0«)x  -  2.48  x  10'17  min'1  (11) 

The  activations  due  to  the  known  gateway  state  comprise  less  than  1%  of 
the  total  number  of  activations.  If  the  assumed  spectrum  of  the  linear 
accelerator  is  that  shown  in  Fig.  4  represented  by 

*(E)  -  *0F(E)  .  (12) 

the  effective  cross  section  a  —  (jrbab0aor/2)  may  be  found  as  a  function 
of  the  energy  of  the  assumed  gateway  state, 

(*bab0aor/2)  -  1.43  x  10*26/F(E)  cm2  keV  (13) 

This  function  is  plotted  in  Fig.  5  for  115In.  A  study4  of  the 
photoactivacion  of  ^In  utilizing  a  variable  end  point  x-ray  source 
indicated  that  the  assumed  gateway  state  must  lie  at  least  as  high  as 
1.4  MeV.  Inspection  of  the  energy  level  diagrams  and  angular  momenta 
assignments4  suggests  that  a  second  significant  gateway  state  is 
expected  to  lie  at  1.418  MeV  and  that  this  may  be  the  gateway  being 
excited  by  the  linear  accelerator,  but  such  an  identification  is 
speculative  at  this  time , 

For  113In,  the  (<7<X>)  products  are  found  to  be 

(^known  -  7-63  *  30"20  “in'1  ,  (la) 

which  again  is  insignificant  compared  to  the  contribution  of  the  unknown 
gateway  state(s), 

(<7*)x  -  1.22  x  10'17  min"1  (15) 

The  energy  levels  and  angular  momenta  assignments  below  1,5  MeV  implv 
that  the  additional  gateway  state(s)  must  lie  above  1.5  MeV.1*’  With  the 
assumption  of  the  single  combined  gateway  state  for  115In,  the  effective 
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cross  section  of  the  gateway  state  above  1.5  MeV  as  a  function  of 
gateway  energy  is  given  by 

(*bab0<70r/2)  -  6.99  x  10'27/F(E)  cm2  keV  ,  (16) 

which  may  be  found  in  Fig.  6.  Below  1.9  MeV  possible  gateway  levels 
occur  at  1.510  and  1.631  MeV  15 
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Figure  5:  The  integrated  cross  section  for  the  photoactivation  of  115Tn 
through  a  single,  unknown  gateway  state  above  1.5  heV  as  a  function  of 
the  energy  at  which  it  could  be  assumed  to  lie. 
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Figure  6:  The  integrated  cross  section  for  photoactivation  through  a 
single,  unknown  gateway  state  above  1.5  MeV  as  a  function  of  the  assumed 
gateway  energy.  This  curve  approximated  the  results  obtained  for  the 
activation  of  both  113In  and  n1Cd  to  within  the  plotted  sice  of  the  data 
points . 

The  16.3  g  cadmium  sample  contained  1.12  x  1022  nuclei  of  ^'Cd.  The 
(<?<&)  products  are  found  to  be 

known  “  6 .49  x  10'20  min'1  ,  (3.7) 

and 

(<7<I>)X  -  1.08  x  10~17  min'1  (18) 

The  effective  cross  section  of  the  assumed  gateway  state  as  a  function 
of  gateway  energy  is  expressed  by 

(*b#b0c70r/2)  -  7.01  x  10-27/F(E)  cm2  keV  ,  (191) 

which  would  plot  to  be  indistinguishable  from  the  curve  derived  for 
113In  shown  in  Fig.  6.  The  minimum  energy  of  the  unknown  gateway  state 
is  again  considered  to  be  about  1.4  MeV. 
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Conclusions 


From  Figs.  5  and  6  it  can  be  seen  that  integrated  cross  sections 
for  the  excitation  of  isomers  of  indium  and  cadmium  reach  10‘25  cm2  keV 
for  (7,7')  reactions  proceeding  through  channels  open  to  the 
bremsstrahlung  from  a  6  MeV  linear  accelerator.  This  is  three  orders  of 
magnitude  greater  than  values  characteristic  of  excitation  with  photons 
of  energy  below  1.4  MeV.  Qualitatively  such  an  increase  is  of  the 
magnitude  expected  to  result  from  a  change  of  gateway  states  with 
picosecond  lifetimes  to  the  femtosecond  lifetimes  characteristic  of  F.l 
transitions  at  these  energies,  unhindered  by  the  occurrence  of  collec¬ 
tive  octupole  vibrations.  The  similarity  of  results  for  nuclei  with 
both  similar  and  dissimilar  single  particle  structures  supports  the 
identification  of  this  strong  channel  for  (7,7' )  reactions  with  some 
type  of  core  property  varying  only  slowly  siaong  neighboring  nuclei.  In 
such  a  case,  however,  there  would  need  to  be  a  mixing  of  several  single 
particle  states  so  the  decay  of  the  gateway  state  could  occur  into 
several  different  cascades  with  comparable  probabilities. 
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